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SOME NEW MECHANISMS AND CONCEPTIONS OF STALL
INCLUDING
THE BEHAVIOR OF VANED AND UNVANED DIFFUSERS

by Stephen J. Kline
SUMMARY

-The flow in sub-sonic, plane-walled, two-dimensional
diffusers with thin inlet boundary layers is discussed. It
is shown that only some of the results found in unvaned
diffusers and 1little or none of the results found for vaned
diffusers can be rationalized by arguments based solely on
the conventional model of the flow employing a two-
dimensional boundary layer. It is also ghown that some
well-known, viscous motions exist in which a steady two-
dimensional model of the flow cannot satisfy the laws of
motion for the wall 1layers.

Simple experiments are described which show not only
that the inception of stall is a three-dimensional tran-
silent phenomenon, at least for the cases observed, but
also that under some circumstances, "transitory spots of
stall" exist very close to the wall even in extremely mild
adverse pressure gradients. A classification of the types
of stall is suggested, and a description of the flow mech-
anisms and important parameters is given for each type.

This discussion of the mechanisms suggests that in
order to explain the behavior of stall in all of the ob-
served regimes it 1s necessary to introduce new flow
models in some cases and also to consider not only the
forces in the boundary layer but also the effect of con-
tinuity and the interaction between the main stream and the
viscous portion of the flow. Arguments related to the
energy requirements of the boundary layer are also intro-
duced; these confirm the force and continuity arguments



and yield additional information on losses.

cimple experiments that verify the concepts developed
are described. The same concepts are also used to analyse
other known but previously inexplicable phenomena, and
are found to yield qualitatively correct results. In-
cluded among the phenomena which can be rationalized by
these means are such diverse results as the shape of the
pressure recovery curve for simple diffusing passages, the
reason for the large pressure pulses and excessive losses
found in diffusing passages of low angle, the action of
splitters in the wake of bluff bodies,; the underfiling of
compressor blades, and the detailed action of splitters
and multiple vane systems in improving the performance of
diffuserse.

The work presented is primarily qualitative in nature;
this applies both to the discussion of mechanisms and to
the ratiocnalization of performance based on the resulting
concepts. While certain fragmental mathematical analyses
are given, they are used primarily to bolster the argu-
ments rather than as proofs. This is in keeping with the
objective of the discussion which is to attempt to clarify,
distinguish and explain the basic flow models for the
various types of stall. Further work is clearly needed to
test the conceptions developed and to perfect the flow
models discussed both empirically and theoretically. De=
spite these limitations the success already obtained in
rationalizing performance suggests that this material may
already be of some usefulness not only in research but in
designo.
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LIST OF SYMBOLS

CPR = Actual pressure recovery = ;2__22l
S
CPRi = Ideal pressure recovery = 1 - (wl/w2)2
e = Total stored energy per pound of fluid
ey = Internal thermal energy per pound of fluid (often
denoted as u)
HL = Head loss due to dissipation
ﬁL = Non-dimensional head loss = HL/'% le2
h = See Fig. 1l3a
hF = Flow enthalpy = e + pv
J = See Fig. 13a
P = Static pressure
Po = Stagnation pressure
Q = Heat
u = Local velocity in the x direction
U = Free stream velocity outside the boundary layer
v = One dimensional velocity of flow
\' = gpecific volume
W = Width of channel
W, = Thermodynamic work
W = Backflow rate of stalled fluid
Ve = Maximum steady rate at which stalled fluid can be
removed
X = (Coordinate in direction of wall and direction of flow
y = Coordinate normal to wall
S = Thickness of viscous layer (See Fige. 5)
€ = Increment in velocity
p = Density
§v = ghear stress
Subscripts
( )7 = Inlet to diffuser
( )op = Exit of diffuser

( )y =

At the wall



INTRODUCTION

-This report is one of a series prepared as part of a
diffuser research program in progress at the Mechanical
Engineering Laboratory of Stanford University. Preparation
of this report was begun primarily to explain more fully the
results found by Moore and Kline (1) and Cochran and Kline
(2) regarding the flow mechanisms and performance of wide=-
angle, sub-sonic diffusers with and without multiple vane
systems. However, as the work progressed, it became more
and more. evident that the material being developed was of
a fundamental nature, and could also be utilized to explain
many of the known facts about both stalls and wakes in a
wlde variety of situations. Since the problem of stall is
one of the most important, vexing, and consistently oc-
curring difficulties in both internal and external flow,
the studies have been broadened to include additional
investigations of several further aspects of stall mech-
anisms:; These studles, which are primarily empirical in
nature, have already revealed considerable new information
regarding the nature of stall.

This report proceeds by describing the mechanisms of
flow found in straight diffusing passages by Moore and
Kline (1) and by Cochran and Kline (2). A discussion is
then presented which shows that conventional two-dimensional
boundary layer theory is inadequate to explain all of re=-
sults found, and a mathematical proof is given demonstrating
that a steady two=-dimensional flow model is impossible for
the wall layers in a viscous flow under at least some well
known flow conditions. Additional tests that were sug-
gested by these results are then described; these addi-
tional tests lead to the concept of a new flow model for the
inception of stall, and a more detailed picture of the na-
ture of viscous flow in the presence of adverse pressure
gradients. These flow models are then utilized to develop



qualitative concepts which appear useful in rationalizing
a surprising number of known but previously inexplicable
results. Some of these results are discussed, and further
simple experiments are described which show that the con-
cepts developed do qualitatively predict the behavior of
stall.

Since a large number of the matters discussed involve
transient effects, still photographs are of limited utility,
and primary reliance is therefore placed on descriptions
and sketches. Motion pictures illustrating the phenomena
discussed are under preparation, as a part of the continu-
ing work, and will be made available to interested groups
when completed.

Since the development of these concepts is of very
recent origin, only very fragmentary mathematical develop-
ments have been carried out to date, and tests of the con-
cepts over wide ranges of Reynolds number and Mach number
are not yet availlable. Final conclusions concerning the
ultimate utility of the concepts set forth, therefore, can-
not yet be reached. However, the number of applications in
which the concepts developed appear to apply is large, and
one of the purposes of the present report is the hope that
other workers will test the concepts suggested in situa-
tions of interest to them and thus extend the data and
theory available,



FLOW MECHANISMS IN SIMPLE DIFFUSING PASSAGES

During the course of a systematic study of the behav=-
lor of two-dimensional, plane-walled subsonic diffusers
over a wide range of conditions, Moore and Kline(l) found
that the mechanisms of diffuser tlow were considerably dif-
ferent than those envisaged in the classical picture based
on the two-dimensional boundary layer. The study revealed
that, for a tixed mean velocity profile at the inlet,
three parameters apparently were sufficient to fix the flow
regilme. These three parameters can be taken as: total
divergence angle, ratio of wall length to throat width and
free stream turbuleuce. It also appeared from the tests
that the flow regime found was independent of Reynolds num-
ber based on throat width for all values in excess of that
which gave a turbulent boundary layer at or very near the
throat of the diffuser. Finally, throat aspect ratio was
found to be of no practical significance whatsoever over
the entire normal range of practice.

The geometry used by Moore and Kline (1) is shown in
Fig . 1% The regimes of flow found are shown in Fig. 2
as a function of the three variables listed above. It
should be borne in mind that Fig . 2 applies only to the in-
let boundary layer conditions of the unit tested which were
held fixed. The names given to the various regimes of flow
have been changed from those used by Moore and Kline for
reasons that will become evident later. The flow patterns
that appear in each flow regime when conventional dye in-
Jection techniques are used are also shown by sketches and
photos in Fig. 2. If L/W; is held constant, and if all
inlet conditions including turbulence also are held con-
stant, then Fig. 2 shows that continuously increasing

+Further details of the apparatus and procedures
are given in reference l.



divergence angle, starting from zero,; causes four regimes
of flow to appear in the following order. At the lowest

angles, and hence the least adverse pressure gradients,

the flow appears as if it were well-=behaved and unseparated
throughouts this is the zone below line a-a on Fig. 2. It
is noted for later reference that in these earlier studies
only conventional means of dye injection were employed.
Above line a-a of Fig. 2, at somewhat higher angles, large
transitory stalls appear. If dye injectors are placed ap-
proximately one-quarter of an inch from the wall in the

downstream flow, the flow will usually appear to be moving
downstream, but now and then will reverse direction and
move upstream for a short time. The amount of reverse flow,
the size of the reverse motion and the duration of the re-
verse flow all increase as the angle is increased through
this regime. These reverse flows appear first on one wall
and then on another, although sometimes they appear more
than once on one wall before appearing again on the other.
Similarly, the reversed flow was most frequently found in
the corners, but was also sometimes found on the middle of

a wall. No period of these motions was evident. Thus the
reverse flows appeared random in nature.

In this discussion the reverse flows will be referred
to as "stalls® or "spots of stall." The entire regime
between lines as and bb on Fig. 2 is therefore called tThe
regime of "large transitory stall." Furthermore, the term
"stalled fluid® will be used throughout the discussion to
denote any fluid that is moving against the direction of
the main flow. In the next paragraph the term "fully-
developed stall" will also be introduced. The distinction
between a transitory stall and a fully-developed stall is
simple. If a given wall area is examined, it is said to
have a transitory stall if the frliow 1s forward part of the
time and reversed part of the time. If the flow is reversed
along the given portion of wall 100% of the time, it is




said to have a fully-developed stall.

As divergence angle is increased still further a con=-
dition is reached (line b-b, Fig. 2) at which a fully-
developed stall appears. In a flow of this type, backward
movement is visible all the time on one wallj the flow 1is
relatively steady and two-dimensional, and a large recir-
culating flow exists in most of the diffuser. The through
flow in this regime always proceeds down one wallj the
initial choice of wall is random for symmetric geometries,
but once located on a given wall the flow remains there.

As will be seen below, still further classification of
stalls beyond transitory and fully-developed is necessary
to explain the mechanisms found. Also, these two types of
stall tend to blend into each other continuously in some
cases. However, in most instances the stall is found to
be clearly either transitory or fully-developed, and the
behavior of the two Types of stall is decidedly different.
Not only are the flow patterns dissimilar, but, more impor-
tant, the governing parameters and the concepts needed for
rationalization of the mechanisms are in part different for
the different regimes,

As divergence angle 1s increased still further, a
point is finally reached, line c-c, Fig. 2, where the
through flow moves off the wall and becomes a jet. Fully-
developed stalls then appear on both walls. If the angle
is subsequently decreased, the flow does not return to the
wall when line c-c of Fig . 2 is recrossed; instead it
continues as a jet to a lower value as given by line d-d4 of
Fig . 2. Thus an overlap region exists which is indicated
by the cross-hatched area in Fig. 2.

Figure 2 also reveals several other pleces of informa-
tion that will be of importance in the later discussion.
The lines a-a and b-b have negative slopes indicating that
for a given angle a longer diffuser is more likely to stall.
However, the lines c-c and d-d have positive slope indicat-



ing that the controlling mechanism is different from that
which governs the behavior in the regions of lines a-a and
b-b. Figure 2 also shows thaty, with a fixed mean inlet
velocity profile, increasing free stream turbulence raises
line b-b very markedly but lowers line a-a slightly on the
average.

Moore and Kline (1) also showea that among a con-
siderable number of simple devices tested for possible
use in construction of efficient wide-angle diffusers the
most promising was multiple short flat vanes. Later thor-
ough tests on such vane systems by Cochran and Kline (2)
have verified that such systems are indeed capable of
producing wide-angle diffusers of surprisingly good per-
formance, stable flow, and reasonably good exit velocity
profiies up to total divergence angles of at least hSO and
for a wide range of area ratios. Reference 2 reports the
design criteria developed and shows that performance is not
criticaliy aependent on precise design or manufacture. The
details of this work will not be repeatea here, but it is
pertinent to note the following. The vanes give best re-
sults when tney are placed along what are egssentially
streamlines of the potential flow. The vanes not only
have an optimum angle, but also have an optimum lengthe. The
optimum angle corresponds to the angle of optimum effective-
ness for the individual passages formed; and the optimum
length corresponds to the intersection of this angle with
line a-a of Fig. 2.

The results just described for vaned and unvaned dif-
fusers were all found for the geometry shown in Fig. 1.
However, two sizes of water units and a still larger air
unit were employed. In all cases the inlet boundary layers
were turbulent and relatively thin. The actual inlet pro-
files for the air unit are given are given in reference 2.
The overall flow patterns found in the three units cor-
responded completely in all major regards. One discrepancy
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of a major nature between the water and air units was for
a time thought to existj however, on reexamination of the
water table flow it was found that the phenomenon had simply
been overlooked in the first tests. The repeatability in
the water table was of the order of two degrees and the same
results were found by several observers independently. The
transient three-dimensional nature of the large transitory
stall regime was consistently confirmed by tuft observa-
tion in the air unit.

In addition to these data, the air tests also revealed
that something was amiss in the region below line a-a of
Fig.2 which initially had been called the regime of "no
stall™ by Moore and Kline. In particular, it was found
that the manometers fluctuated far more in the region be=-
low line a~-a than in the region between lines b-b and c-c
in Fig. 23 this was altogether unexpected. However, g5
check revealed that similar pulsations had been found in
diffusers of small divergence angles by many other ob-
servers. For example, 1t was reported to the author
privately by both R. T. Knapp and B. Perry that the dif-
fuser in the large water tunnel at CIT had been found to
be the source of considerable pressure pulsations despite
its total divergence angle of six degrees and very con-
servative design.

This led Moore and Kline (1) to speculate that perhaps
small disturbances of the nature of transitory stall were
occurring in some of this region, but that the frequency
was too high for visual observation. The existence of such
spots of stall at relatively low divergence angles would
not be in agreement with the accepted picture of stall as
a two-dimensional phenomena that appeared only when rela-
tively large pressure gradients were present. However, as
time progressed, more and more evidence accumulated which
indicated that it might be necessary to abandon the two-
dimensional concept of stall inception in order to explain
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the known phenomena. Not the least of these evidences were
the consistent inability to fully explain the excellent re-
sults found with vane systems over a wide range of condi-
tions, and the fact that the stall first appeared as a tran=-
sient three-dimensional phenomena in every case tested,

In addition, to these data Cochran also compiled a
series of pictures of the flow patterns taken from tuft ob-
servations in the air unit, and correlated these pictures
with the flow performance found. This set of pictures is
reproduced in Fig. 3 and shown correlated to pressure recov-
ery in Fig. 4, It is quite evident from Figs. 3 and 4 that
the terms "stalled” and "unstalled" are relatively meaning-
less in this situation. At least for the region of angles
above that of maximum recovery (point 2, Fig. 4) the data
show that stall is a progression or spectrum of states,
and is not a single phenomenon at all.

In late 1956 it was also pointed out to the author by
H. Emmons that the explanation of the pocsitive slope of the
lines c¢=c¢ and d=d of Fig. 2 probably did not lie in boundary
layer theory, but instead had to be based on arguments re-
lated to the stability of the flow pattern.

As a result of these anomalies, a reconsideration of
the entire matter of flow mechanisms was initiated in
December 1956, Some results of these considerations are
given below,

Since all of the work done in the Stanford University
program had been carried out at low Mach numbers, conversa-
tions were also held with Mr. R. Scherrer and Mr. J. Lundell
of Ames Aerconautical Laboratory of the NACA regarding tests
they had been performing on diffusers at higher Mach num-
bers. It was then revealed that Mr. Scherrer and Mr.
Lundell had found results that corresponded very closely to
those found by Moore and Kline for the transitory stall

+The author is greatly indebted to Professor Emmons
for pointing up the need for stability considerations which
are important in several aspects of the problems considered.
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regime in conical diffusers with total included angles in
the range of 2 = 13 1/2 degrees and inlet Mach numbers up to
unity. The techniques and apparatus used in these tests
were entirely different from those used by Moore and Kline
(1). Furthermore, Mr. Scherrer and Mr. Lundell had inde=
pendently reached the conclusion that stall inception was a
three-dimensional transient phenomena in the cases they
were observing. This, or course, provides a highly useful
independent check on the observations reported by Moore and
Kline (1) and on some of the conclusions reached below. It
also suggests. that the mechanisms discussed are not con=-
fined solely to the Reynolds numbers or Mach numbers oc-
curring in the Stanford tests,

- 13 -



RE-EXAMINATION OF THE FLOW MODEL OF STALL

Let us first examine in more detail why the classical
concepts are not adequate for the task of explaining known
diffuser performance. Several clder concepts are avallable;
included among these are the notions of: (i) flow guidance)
(1i) wuse of individual passages that have small enough
angles; (iii) effect of pressure gradient on boundary
layer back flowj and/or tolerable pressure gradients. 1In
order to avoid any misunderstanding it should be noted that
all of these concepts are useful. Without these ideas,
developed at the expense of much effort by previous workers,
the work of references (1) and (2) could not have been done,
and the present discussion would not exist. However, as
will be seen, these concepts in themselves are not suffi-
cient to explain all the known facts in an adequate manner.

"Flow guldance” was the concept employed by K. Frey
(3) in designing very shor{ vane systiems some years ago.
Frey's ideas worked well, but this is virtually all that
can be said. "Guidance™ as a design concept is very
general ané loose, and there is no way in which it can be
related to the forces in flow field or used to predict
results of a given design accurately. It gives some feel
for the problem, but it does not give the specific numeri-
cal criteria that are so vital to rational design, nor does
it give any detailed information about flow mechanismse.

The use of splitters to produce individual passages of
small angle was first advocated by K. Oswatitsch many years
ago. Oswatitsch noted that for the common range of practice
seven degree diffusers performed well; and consequently he
reasoned that use of many seven degree diffusers in parallel
would preoduce a good diffuser of wide angle. This notion
has never been used very extensively because it only works
in some cases. The data of Moore and Kline (1) show that
Oswatitsch's notion failed because in reality, the flow
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conditions are NOT just a function of divergence angle alone.
In particular, reference (1) shows the flow regime obtained
is also a strong function of the ratio of wall length to
throat width, and in some regards a strong function of in-
let free stream turbulence as well.

From simple geometrical considerations, it is readily
seen that Oswatitsch's suggestion leads not only to a reduc-
tion in angle, but also to a large increase in the ratio of
wall length to throat width of the individual passages.
Reference to Fig. 2 shows that while Oswatitsch's suggestion
usually leads to a net gain, the effect of the increase in
L/W, largely offsets the gain obtained from the decrease in
divergence angle. That is, if dividers are extended for the
full length of the passage as suggested by Oswatitsch, in
many cases an undesirable flow occurs in which one passage
stalls out entirely due to the excessive L/wl value, and
the flow from this passage spills over into the next pas-
sage.. The recoveries obtained in such cases are poor and
the flow sometimes pulsates very greatly. However, the
recovery is NOT as poor as would be obtained with no vanes
at all but with the same outer walls.

Recognition of the importance of the L/w1 parameter,
coupled with the fact that the vanes were acting as guidance
in the very general sense suggested by Frey, led to the
idea that the optimum effect would probably be obtained if
the passage between each vane was made to include an angle
of optimum effectiveness,; and also each vane was of the
maximum length for which little or no stall would occur in
the passages based on the data of Fig. 2. That 1s, the
individual passage angles should be around seven degrees and
the length of each vane should be adjusted so that the value
of L/wl for each passage lies just on or below the line a-a
representing significant stall on the flow mechanism plot
of Fige 2. This suggestion has proven to be entirely cor-
rect. In the cases reported in reference 2, the optimum
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recovery has been found in every instance to lie at or very
near this condition. Additional gain can also be realized
by proper placement of the vane cluster in the unit as a
whole. This is apparently dus to two facts: (i) it is
not desirable to accelerate the flow more than necessary

at the throat, and (ii) the outer walls already have
boundary layers at the section where the vanes begin and
are thus more liable to stall.

From the overall point of view the foregoing discus-
sion of diffuser design not only appears quite satisfactory,
but it also produces very good wide-angle diffusers. How=
if one begins to examine the details more closely, some
discrepancies immediately appear in the explanations given.
In the first place, the concept of "each passage is such
that it will not stall" is an overall concept that does
not lend itself to explanation of the details of the flow,
nor does this overall concept give any basic reason for the
good performance uniformly obtained. In the second place,
if one examines the details of the flow in terms of the
usual modern concepts, that is, in terms of pressure
gradients and steady two-dimensional boundary layer theory,
some of the results are apparent, but others are quite in-
explicable,

To begin with, let us remind ourselves of the accepted
notions of how a positive pressure gradient brings on a
stall in g boundary layer. Since the pressure forces op=-
pose the motion, it is reasoned that the boundary layer
near the wall which has a large deficiency of kinetic energy
is brought to rest by the pressure forces. Somewhat down-
stream from the section where this fluid comes to rest, the
pressure gradient is adverse and it is presumed that this
causes the entire flow near the wall to reverse direction.
Separation of the whole mainstream from the wall then re-
sultse.

Using the flow model just described, many attempts have
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been made to correlate the various results for the turbulent
boundary layer using theory, empirical data and combinations
thereof. The most notable recent attempts include the well
known method of Tetervin and Doenhoff (4), Ross and
Robertson (5) and F. Clauser (6)., Unfortunately, none of
these numerous attempts have given rise to a method that
seems to predict separation adequately for all cases al-
though the methods of references (5) and (6) respectively
seem to come much closer to an understanding of the param-
eters involved and to reliable predictions than the older
methods.. - ' ,

It is not the purpose of the present discussion to
summarize the results or methods of sucn work. However,
it is pertinent to the present discussion to note that a
great deal of effort by many exceptionally able workers has
gone into the development of such methods in the hope of
providing reliable means for predicting stall of a turbulent
boundary layer in a positive pressure gradient, and that
none of these efforts to date have been totally successful.
It is also relevant to the following discussion to note
that in all of these analyses the assumption is made that
the flow 1s steady in the mean and two-dimensional. Further-
more, in all of these analyses, qualitative agreement is
reached on two points: (i) stall is governed entirely by
initial boundary layer condition and by the applied pres-
sure distribution of the potential flow, (ii) other things
being equal, greater pressure gradients and longer applica-
tion of these gradients both uniformly tend to increase the
likelihood of stall. These results can and have been put
into many forms, but there is no disagreement in any of
the modern theory on the correctness of the gqualitative
results (1) and (ii) above,

If the qualitative results just cited are applied to
the results found by Moore and Kline (1) and Cochran (2)
on vanes, a difficulty lmmedlately arises, At first it
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was thought that the action of the vanes could be explained
by noting that the pressure gradient was improved in the
region just downstream of the throat at the curved walls.
This region is the worst positive pressure gradient in the
entire unit and hence is critical. However, the ability
to increase the angle at which good flow can be obtained
using vanes by a factor of more than three would make this
explanation very dubious. Furthermore, the truly spurious
nature of this argument can be seen in the following way:+
Consider a diffuser with a total divergence angle of 18
degrees an L/Wl of 8 and a very low entering turbulence
level. To make the matter clear, let us also assume that
the unit has precisely the same geometry as that studied
by Moore and Kline (1). If the unit has no vanes or other
boundary layer control, the data shown in Fig. 2 indicate
that the unit would operate in the fully-developed stall
region in which very poor performance is obtained; for the
gedmetry tested by Moore and Kline, the recovery would be
twenty~.five percent or less of the ideal recovery. Now

if one inserts a splitter vane running the full length of
the unit, following the ideas of Oswatitsch, each passage
would have a total divergence angle of 9° and an L/W, of
16 - Thus Fig. 2 shows each passage would be well up into
the large transitory stall regime, and the flow would be
extremely unsteady with a large back flow in one of the
two channels. Nevertheless, the recovery would be some=-
what improved. Lastly, suppose that a single somewhat
shorter vane was inserted along the centerline of the unit
according to the design criteria set forth in reference 2.
The vane would then start somewhat downstream of the throat
and would end short of the exit to yield an L/Wl of eleven
or twelve, This unit would not give optimum performance

<+

The author is indebted to F. Clauser for clearly
poeinting up this paradox.
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for eighteen degrees, two vanes would give slightly better
performance than one vane), but it would definitely give

a recovery 50 or 100% greater than either of the other units,
and would have a much smoother flow, and more uniform exit
velocity profile.

If we try to correlate these facts with the accepted
notions about boundary layer stall, a contradiction occurs.
If we had used two or three vanes, then it could have been
argued that appreciable pressure changes would have re-
sulted in the most critical region just downstream from
the. throat on the curved walls. But it is gquite obvious
that if. the flow is two=dimensional and steady, insertion
of a single thin vane along the centerline does not alter
the pressure distribution of the potential flow appreciably.
(A very thin vane does not alter it at all and the real
value is 1/16 inch thick compared to a minimum channel
width in which it occurs of 3-1/2 to 4 inches). Thus we
find a paradox in the sense that two-dimensional boundary
layer theory suggests that the separation depends only on
the magnitude of the potential flow pressure gradient and
the duration for which it is applied for fixed inlet condi-
tions, but the data of Cochran and Kline (2) show that by
insertion of vanes that make little or no changes in the
pressure distribution of the potential flow.tremendous

changes in performance and the entire flow pattern actually
are brought about.

These results have now been thoroughly verified. There
can no longer be any reasonable doubt that the results cited
are correct in the light of the uniformly good performance
found by Cochran and Kline (2) with vanes. The only reason-
able conclusion that can be drawn 1s that something is miss-
ing in the two-dimensional boundary layer theory. To find
a hint concerning what that something is, we turn back
again to the mechanisms of the flow since it is well known
that when one finds a gross failure of an entire body of
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theory, particularly in viscous flow, the most likely point
for the difficulty to lie is in the flow model employed.

At this point in the work, a careful study of the usual
arguments relating to the forces which are involved in main-
taining the flow of a boundary layer in an adverse pressure
gradient was made. Several cases were found in which the
numbers obtained from diffuser data could not provide a
two=dimensional force balance for the layers very near the
wall. Somewhat later a more general and clearer argument
that does not depend on any special data whatsoever was
found. Since this later argument is clearer and more general
it is reproduced here.

Consider the control surface shown in Fig. 5. Point
"m" may be either the threcat of a diffuser or a point of
minimum pressure on an airfoil. The momentum equation of
the two=dimensional boundary layer for incompressible flow
can be written:

LU . _ 2P felef
PA3x & =ox T By (1)

"Since the value of § 1is arbitrary, we can select it such
that at the outer edge of the control surface the inertia
stress % pui is small compared with 1t0 the wall shear at
point m. Since the velocity u is zero at the wall, such a
® always exists. The balance of forces on the small

element in the x direction is then
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However: equation (1) at the wall gives:
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Egn. (2) requires that boundary layer velocity profiles
have the general shape shown in Fig. 6. Furthermore: for
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At point w, Fig . 5, the boundary layer has a profile such
that T:ylf> TfIJ since it has been generated in a negative




pressure gradient, but somewhat farther downstream it
must alter such that,.“k:;‘ <$L « . If we plot the shear

values versus X, they must therefore appear as shown in
Fig. 7. Since the distance dx is arbitrary, we can now de-

fine it to be the dx shown in Fig. 7. It therefore follows
that we cap define a positive quantity $ such that it rep-
resents the average total shear on the control surface over
the length dx as follows:

Then the x balance of forces becomes
-g - g
B b * O (3)

Equation 3 shows, that under the assumptions used, a balance
of forces is impossible inasmuch as the only two forces pres-
ent act in the same direction . The only assumption em-
ployed is that of steady two-dimensional flow, and it is
therefore apparent that a continuous wall layer cannot exist
under the conditions analysed with steady two-dimensional
flow. This suggests that strong transitory stall probably
will be found at and just downstream of a minimum pressure
point, and the observations show that this is indeed the
case.

In addition to these results, several other workers,
wost notably Kalinske (8), have shown that the losses in ap-
parently unseparated diffusers were larger than could be ac-
counted for by wall shear and turbulent decay. These re-
sults were again confirmed by the data of Cochran and Kline
(2). In fact, even if one assumes that the wall shear is
that which would occur for zero pressure gradient, which is
far too large, all the losses cannot be accounted for even
at relatively small divergence angles. Since 1t was also
known that pressure pulses were found at relatively low
angles in diffusing passages, and since it had been shown
that stall inception appeared as transitory “sppts of stall®
in the work of Moore and Kline (1), it was hypothesized that
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these spots of stall might occur very near the wall even at

very small angles of divergence, that is, for very mild ad- 1
verse pressure gradients. In particular, the information

available suggested the following:

a., Spots of stall may occur even in the presence of
very mild adverse pressure gradients;

b. These spots originate very near the wall,
probably in the laminar sublayers

co The size, number and upstream movement of the
spots all grow with an increase in the magnitude
of the adverse pressure gradients

d. The size number and upstream movement of spots
of stall all grow with increase in length over
which the pressure gradient 1s applied;

e, The mechanism by which such spots are carried back
downstream is by leaving the wall and being swept
away by the momentum of the faster moving layerss

f. Other things being equal, thicker inlet boundary layers
will yielid more spots of stall.

At this time, Mr. J. A. Miller had already developed

a technique of flow visualization which utilized dye in-
jected through & six inch length of small hypodermic tub-

ing sweated onto a standard medical hypodermic apparatus

(see Fig o 8). This apparatus provides a means for locating
dye accurately in a water table flow without disrupting the
flow too greatly. As soon as the conclusions set forth above

were reached, Mr. Miller applied this technique at the wall
and immediztely he found the small “transitory 3talls pre-

Gicteds Since that time the technique has been improved,
and the experiments repeated a large number of times. A
considerable amount of information about this mechanism is
now available. While many details are still under study,

o
Research Assistant, Stanford University. 1

[
v
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enough is now known to complete a good portion of the quali-
tative plcture. Some of the more critical tests are
described in the following section.
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SMALL TRANSITORY STALL USING DYE INJECTION

EXPERIMENTAL TECHNIQUE

The following technique has been employed in the studies
reported below on the action of the wall layers. Using the
hypodermic tubing and hypodermic shown in Fig. 8, a straight
line of dye is placed on the wall normal to the flow. Any
dye accidentally located in the outer layers washes down-
stream very rapidly, but at the low velocities (0.2 -~ 2.0
ft/sec) employed in the water table, the dye hangs on the
wall for several minutes giving a remarkably clear picture
of the wall layers.

These studies confirm that all of items a, by ¢, €, and

f hypothesized above are true.’ Item d has not yet been
tested independently since this will require the construction
of a new apparatus.
RESULTS AT LOW DIVERGENCE ANGLES

The actual tests have shown that transitory spots of

stall do exist under some conditions for all adverse pres-
sure gradient flows; in some cases this includes total
divergence angles as low as one and two degrees. In such
flows, normal dye injection into the channel shows a pat-
tern that looks unstalled, but careful inspection of the wall
layers reveals intermittent spots of stall at every point
on the wall. In very low adverse pressure gradient flows,
a reverse flow is not found on every trial, because the
frequency of occurrence is low. However, two or three tries
were sufficient to show up at least one clear case of a spot
of stall in every instance in the whole first series of
tests.

As was expected, the number of spots of stall and their
size both increase as the pressure gradient is increased.
At very low pressure gradients normally only one spot of
stall appears at a time at a given section on the wall. The
normal water depth employed in these tests is 4 inches.

+
Studies of the characteristic periods of these spots
of stall are under way, but no conclusions are yet available.
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With this depth, & high inlet turbulence level, a total
divergence angle of 2 degrees and an L/W of 8, one spot,
perhaps a 1/16th of an inch in diameter, might appear in a
minute or two at a given location. No systematic size and
frequency counts have yet been made. Such a spot may move
upstream anywhere from a very small amount up to an inch
(average upstream movement is perhaps l/h") before leaving
the wall., As soon as the spot of stall leaves the wall it
is caught up by the mainstream and disappears downstream
very rapidly. This sequence of events is shown 1in Fig. 9.
The forces that cause the spot of stall to leave the wall
are not yet fully understood, but they are probably related
to an interaction with some oncoming flow.

With the same water depth, high inlet free stream
turpulence level, and L/W; = 8, but with a total divergence
angle of twelve degrees, several spots of stall often appear
at once on a given cross section of the wall; they may move up-
stream as much as several inches before being washed back down-
stream, and the rate of occurrence is much larger. Spots
of stall have been found almost every time dye was injected
on the wall under these conditions. A typical configuration
is shown in Fig. 10,

As would be expected, spots of stall occur more fre-
quently in the corners than along the main portion of the
wall. Also, as would be predicted from the analysis of
forces on a minimum pressure point given above, very strong
spots of stall are found just downstream of the throat. 1In
fact, the transitory stalls at this locatlon have always been
the strongest found. This was noted before the analysis
given above was available, and 1t has been recorded independ-
ently by several observers including Mr. Scherrer and Mr.
Lundell working at higher Mach Numbers and Reynolds nunbers
on another apparatus.

Indeed, under these conditions the transitory stalls
are so strong at the throat, that frequently four or five
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strata of flow are seen in the wall layers with each suc-
cessive strata moving in opposite directions along the wall.
The stalled strata peel off intermittently, so that the ac-
tion is transient rather than steady with the flow at any
given point going first one way and then the other in an
apparently random fashion., This "layering™ near the throat
is sc strong very close to the wall that sometimes a low
speed vortex is formed flat against the wall.

At this point, it is well to describe further what is
meant by "spot of stall®” and alsc to indicate the tests that
were made to insure that the phenomena observed were not
artificially created by the dye injection technique employed.

The term Y"spot"” has been adopted from the work of
Emmons, Schubauer and Klebanoff, et al on transition. Actual-
ly there are some differences and some similarities to that
application, and it might be better to use another term.
However, the word seems appropriate, and there should be no
cause for confusion between a "spot of stall" and a "spot
of turbulence.”"™ In the connotation used here, a spot of
stall is simply an 1solated segment of fluid, that is moving
upstream rather than downstream. In the cases thus far ob-
served the spots are transitory in nature and do not main-
tain any given position in space for long periods of time.
Instead they appear first in one location and then in another
in an apparently random fagshion. Thus the regime called
transitory stall on Fig. 2 consists of a main flow moving
downstream over the entire channel cross section but with
areas of temporary local backflows or "spots of stall" oc-
curring . These observations will be correlated with per-
formance below,

In regard to the matter of flow distortion due to in=-
Jection many facts indicate that this is not the source of
the spots of stall observed. First, simultaneous observa-
tions in zones of negative pressure gradient under the flow
conditions just described above do not show the backflows

- 26 =




observed in regions of positive pressure gradient. That is,
if precisely the same technique is applied ahead of the
throat of the diffuser, no spots of stall are observed, and
the whole nature of the flow in the wall layers appears
distinctly evener. Observations on an airfoil similarly
reveal lsolated spots of stall downstream of the point of
minimum pressure even for very low angles of attack, but

do not reveal such spots of stall in the zone of negative
pressure gradient. Furthermore, careful tests have been
made in which the angle of dye injection has been made such
that any momentum created by injection would be in the down~
stream direction by slanting the hypodermic tube at a very
small angle to the wall pointing downstream. Under these
conditions, the same phenomena are observed; it is not pos-
sible to see any change by simple observation. Furthermore,
in the tests made, frqugg}ly a single layer is observed

to move upstream then downstream and then upstream again
several tlimes following one injection of dye. Such a motion
could be attributed to an initial disturbance only very, very
rarely.

It can therefore be concluded from these tests that the
hypotheses set forth above have been well confirmed (with
the exception of the effect .of length) for at least one set
~of conditions. Since the search for this mechanism was begun
in order to.find a mechanism that could supply the forces
needed. to move the wall layers downstream against an adverse
pressure gradient in certain special cases, it seems logical
to conclude that transitory stall is a type of self-induced
augmented mixing that can create the forces needed for the
wall layers to move downstream in a positive pressure
gradient. Since it removes fluid of very low energy from
near the wall and replaces it with fluid of higher energy,
it can also be viewed as a self-energizing of the boundary
layers

At this point in the actual work, the results just
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cited were utilized to rationalize many of the known results
on diffusers and in other situations. After this had been
done, it became apparent that several open questions re-
mained, however. These included the following: (i) "How
do spots of stall originate?" (ii) "How does large transi-
tory stall break down into fully=-developed stalli?" (iii)
"What are the parameters governing the growth of a spot
of stall?" (iv) '"What are the parameters governing per=-
formance in the region of fully-developed stall?" and (v)
"What are the parameters governing the change in flow
regime from fully-developed stall to jet flow?" 1In the
process of considering question (v) another question also
arosej; this is: "What determines whether a fully-developed
stall will be truly steady in nature or instead will peri-
odically shed wake fluid?" This question is of considerable
importance not only in diffusers but also in connection with
bluff bodies, with sudden enlargements and contractions,
with compression corners and in numerous other applications.
Simple water table tests that shed at least some light
on these questions have now been compieted, and from the
viewpoint of clarity it is better to discuss these ex-
periments next, and to delay rationalization of other known
results, Although in the actual work, the two went hand in
hand.,
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FURTHER WATER TABLE TESTS ON MECHANISMS OF STALL

CLASTIFICATION OF STALLS

In order to comprehend the tests to be described below,
it is helpful to look again at Fig. 4 which shows the re-
gimes of flow correlated with the performance of a simple
plane=walled diffuser. The reason for the name of the
zone which lies at angles below that of optimum recovery
(to the left of point 2) is now clear. The tests just
described confirm the fact that some stall may exist in dif-
fusers over the entire range of angles shown, but the aver-
age cross-sectional area stalled tends to increase as

the angle is increased.

At the very low angles, the amount of stall is zero
or very small. If it occurs, one finds very small isolated
spots that remain stalled only for short periods of time.
The amount of stall tends to increase gradually until the
point of optimum recovery is reached., At this point (point
2, Fig. 4) the rate of increase in head loss as a function
of angle equals the rate of increase of ideal recovery with
angle as shown in reference 2 and transitory stall has al-
ways been found at these angles. Thus it is not surpris-
ing to find that while the stalls are still isolated in
nature they are becoming relatively large. Hence, the point
of optimum recovery for a single passage should correspond
very roughly to the line a-a on Fig. 2, and it does for the
data thus far checked. The true nature of line a-a of Fig.
2 is thus seen to be not "first stall" as originally thought,
but instead is a line of “first large stall."™ This is quite
in accord with the way in which this line was found.

In the earlier observations dye was injected upstream
of the throat against the wall and also downstream by means
of movable injectors. Neither of these means shows the
wall layers clearly for the following reasons. Injection
upstream on the wall was the meang used to visualize the

- 29 -



wall flow, but it has two serious deficiencies for observa-
tion of small transitory stall (which, of course, was not
known to exist when the first set-up was devised). In the
first place, it shows the boundary layer at only one level
of the four inch depth. Since the transitory stall is
three dimensional and usually appears in small spots, most
of the spots would inevitably be missed. In addition, and
even more serious, the dye injected upstream of the throat
does not really show the wall layers downstream at allj it
shows instead the portion of the boundary layer somewhat
farther from the wall. The reason for this is that most of
fluid that starts against the wall upstream is deflected
outward by the displacement action of the very slow moving
wall layers downstream. Consequently, there is never
enough diffusion of dye into the wall layers to make them
visible, and they are thin enough so that this lack of
visualization is very hard to perceive by eye. This fact
was demonstrated very clearly by employing a conventional
upstream injector simultaneously with dye injection of

the sort used in the later tests. The dye injected onto
the wall lay completely inside all visible dye coming from
the upstream injector. Thus upstream dye injection against
the wall misses small transitory stali in the wall layers
entirely.

The dye injected from movable probes downstream, was
even less apt to show small transitory stall since the in-
jectors were never brought too clilose to the wall for fear
of artificially disrupting the boundary layer. Reliance
was placed on the upstream wall injectors to show the
boundary layers, but as just ekplained they miss small
transitory stall. Since the movable downstream dye in-
jectors were moved back and forth carefully in the early
tests, they did locate three-dimensional stalls, but only
after the stalls had reached a size large enough to extend
ocut a quarter of an inch or more from the wall. Thus line
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a-a of Fig. 2 1s really a line of "first large transitory
stall®, Consequently, it now seems more appropriate to
call the region under line a-a of Fig. 2 and to the left
of point 2 in Fig. 4 the zone of "small transitory stall."

As shown by Fig. 4, at angles somewhat greater than
that for optimum recovery, (points 2 to 3, Fig. 4, between
lines a-a and b-b, Fig. 2) the transitory stalls begin to
coalesce into large areas of stall. In this region the
performance drops rapidly, large flow pulsations occur, and
performance is hard to predictjy it is a poor region for
design. At still larger angles (near point 4, Fig. 4) a
destabilization of the whole flow apparently occurs, and
fully-developed stall appears on one wall. Finally, the
curve of recovery begins to rise again gs still further
increaseg in angle occur. (This last rise is probably not
general as will be seen later).

In the air unit, angles large enough to cause jet flow
to occur spontaneously cannot be obtained. However, even
the portion of the curve shown in Fig. 4 is sufficient to
show. that several changes in flow mechanisms must occur
to create the complex shape found. In fact, in retrospect,
it 1s difficult to see why it was ever proposed to explain
a curve with at least two extremums and an inflection point
with a single change in flow mechanism, that is, in terms
of simply stalled and unstalled flow.

With these facts in mind, the questions asked above are
clearer. The first question deals with the inception of
small spots of stall at very low angles, that is to the
left of 2 on Pig. 4. Question (ii) deals with how the in-
stabllity occurs that brings on fully-developed stall near
point 4 in Fig. 4. The third question relates to how the
spots of stall increase both as angle is increased and in
connection with the Instability that causes fully-developed
stall. Questions (iv) and (v) deal with flow behavior in
the fully-developed stall region, which is quite different
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from a flow that fills the entire passage, and the final
gquestion suggests that there are two kinds of fully-developed
stall. Thus the large number of guestions arises from the
varying aspects of the phenomena of stalls. A further
classification of stalls therefore seems in order.

At present it is believed that stalls might logically
be classified into four basic types according to the concepts
apparently needed to rationalize behavior. These four types
include two kinds of transitory and two kinds of fully-
developed stall as follows:

I TRANSITORY STALL

A. Small Transitory Stall: Characterized by small
isolated spots of stall that do not interact
with each other or remain fixed in space. This
is the region below curve a-a Fig. 2 and left
of point 2 on Fig. u4b.

B. Large Transitory Stall: Characterized by large
flow fluctuations interactions of more than one
spot of stall and strong interactions between
the mainstream and the stall spots. Lies
between a=a and b-b of Fig. 2, and between
points 2 and 4 in Fig. 4.

II FULLY=-DEVELOPED STALL

A. Fully-Developed Steady Stall: Characterized
by a large area of wall that has backflow one
hundred percent of the time, Little or no wake
fluid is shed; it merely recirculates,

B. Fully-Developed Unsteady Stalls Characterized
by a large area of wall that has a backflow
one-=hundred percent of the time, but large seg-
ments of wake fluld are periodically cast-off
and go downstream.

In this classification both the jet flow regime and

the fully-developed stall regime are considered to fall in
class II A, The distinction merely illustrates the nature

of the stability problem that is agsociated with this class
of flow and is discussed below. Class II B is important in
connection with bluff bodies and sharp corners as noted above,
but it does not occur in the geometry studied by Moocre and
Kline (1); the reasons for this will become evident later.
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SMALL TRANSITORY STALL REGIME

As noted above this is the region lying below curve
a-a Fig. 2 and to the left of point-2 onm Fig., 4b. In this
region normal dye trace methods always show an apparently
unstalled flow, but close observations of the wall layers
reveal that small isolated spots of stall are sometimes
present even to very low divergence angles, Since the
spots are very small and occur individually, a question con-
cerning how they commence naturally arises. The two logi-
cal possible sources are perturbations of the flow and wall
roughness.. In the present tests, the low velocities used
gave a hydraulically smooth wall, and it was found that
under these conditions unevenness or small bumps on the
wall seemed to have little effect. Disturbances from the
mainstream, on the other hand, had a pronounced effect. 1In

fact, such disturbances appear to be the sole origin of the
spots in the tests to date, and they appear to have a large
effect on the size of the spots of stally; the frequency of
occurrence, and the minimum divergence angle at which stall
spots can clearly be discerned. However, these tests are
still quite limited in scope and further tests using care-
fully controlled mainstream fluctuations will have to be made
before the matter is fully understood.

Two types of tests on the inception of stall have been
performed in the water table. In both tests a mild adverse
pressure gradient was used (total divergence angle of ap-
proximately 3o and L/Wl of 8)s In the first test several
observations were made of the flow at one point on the
wall using the dye injection technique described above.
These observations were carried out with a relatively high
inlet turbulence level in the water table (see description
reference 1), These observations showed only one spot of
stall at a time with a diameter averaging perhaps an eighth
of an inch. One such spot occurred on the average about
every 30 seconds. Then a horizontal grid of 3/8" rods
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with 3/8“ gaps was placed across the flow upstream from the
point of observation on the wall to increase the free stream
disturbances; and the tests were repeated. Immediately,
the number and size of the spots of stall increased. As
the disturbance size was increased by moving the grid of
rods closer to the point of observation, and thus decreas-
ing the decay of the large scale fluctuations, the spots of
stall became still more numerous and larger. When the grid
was located only a few inches upstream along the wall under
study. as many as ten spots appeared at once on the HM wall
and the average diameter of the spots appeared to be two or
three times the size found at the original turbulence level.

The second test involved introduction of disturbances
into the flow with the hypodermic needle used for dye in-
jection in order to actually see the impact of the dis-
turbances at the wall. In this test a dye trace was placed
on the same location of wall as in the first test and with
the original turbulence level, that is, without the 3/8W
rodss again oniy one very small spot of stall was usually
visibie at a time. Then while the dye on the wall was still
visible, the hypodermic tube was oscillated back and forth
across the flow a short distance out from the wall and up=-
stream from the location of the dye trace. At the same
time as it was oscillated a small amount of dye was in=
jected. In this way the disturbances generated could be
seen moving downstream in a pattern much like that of a
Mach cone in supersonic flow. Up until the time these
disturbances struck the wall with the dye trace; no change
in the pattern of spot stall was visible, but as soon as the
disturbances reached the dye trace, almost at once six to
ten small spots of stall appeared at the wall., Each spot
appeared much like a small three-dimensional stagnation
point flow.

It is believed that these two experiments show rather
clearly that at least one origin of spots of stall is the
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effect, at the wall, of the pressure pulsations generated

by free stream velocity fluctuations. Normally, fluctua-
tions large enough to cause a complete reversal of the free
stream flow do not occur, but the following oversimplified
analysis suggests that such flow reversals might readily
occur at the wall due to the non-linear nature of the inter-
action between pressure and inertia forces.

In the free stream a small velocity change causes a
pressure disturbance given approximately by Euler's equa-
tion as: '

dp/p = - UdU, where U is the free stream velocity (%)

If the pressure fluctuation occurs near the wall, we can
assume as a first approximation that it propagates to the
wall without attenuation. However, at the wall it will then
cause a convective velocity alteration of magnitude:

dp/p = - udu, where u is some average velocity of the
wall layers. If we equate the two pressure disturbances
according to the assumption of little attenuation, then as
a first approximation

du/dU = U/u. (5)
Equation (5) is a crude approximation because it not only
neglects the effect of viscosity and attenuation of the
fluctuation in pressure, but it also assumes that the pres-
sure fluctuation is applied steadily to some small stream
tube. In actuality, the pressure fluctuation is not applied
steadily, and the time dependent term of Euler's equation
is important. Nevertheless, equation (5) shows the terms
that might readily bring about a small flow reversal in
the wall layers.

The data on turbulent boundary layers, as given for
example by Klebanoff and Diehl (8), show that the turbulence
intensity near the knee of the velocity profile is of the
order of ten percent. The velocity at this location is of
the order of fifty to seventy percent of free stream veloc-
ity, and thus flucutations of the order of five percent of
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free stream velocity are normally present very near the
wall in a turbulent boundary layer. Hence it is relatively
easy to envisage small flow reversals in the layers very
near the wall particulidrly when the pressure forces are such
that they tend to sustain motions in an upstream direction.

The foregoing analysis suggests that flow reversals
may also occur Very near the wall in lsminar boundary layers
if strong fluctuations are present in the free stream; and
may even occur in the negative pressure gradient region
under these conditions. However, lnasmuch as the pressure
forces at the wall always aid such flow reversals in ad-
verse pressure gradients and always tend to halt them in
favorable pressure gradients it is to be expected that
such flow reversals will be far less common and less per-
sistent in negative pressure gradients. This point was
checked by repeating the tests with very high disturbances
using rods and oscillating the hypodermic needle in a region
upstream of the throat of the diffuser where the pressure
gradient is strongly favorable and the boundary layer is
laminar, When this was done; small flow reversals were
found in the wall layers of the negative pressure gradient
regime. However, they are harder tc produce, and they
persist for far shorter periods of time. This is irter-
preted to mean that the continual effect of the favorable
pressure gradient is such that while flow reversals can oc-
cur near the wall in such a regime, they are far less like-
1y9 and they require larger pressure disturbances. Thus
in the initial tests which were used to check the technique
of dye injection no reversals were found in favorable pres-
sure gradient regimes because the test was not run a great
number of times gnd the disturbance level was only moderate
in the free stream.

In order to check the effect of free stream fluctua-
tions further, a set of tests was then also made using a
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very smooth inlet flow. This was achieved by use of an
alternate water supply elimination of all fixed dye injec-
tors, and a careful cleaning and rebuilding of the inlet
damping screens. The upstream flow conditions were then
very smooth and free from random disturbances; a dye trace
injected far ahead of the inlet would in general remain in-
tact in. the free stream flow through most or all of the
diffuser. At this level of fluctuations in the free stream,
transitory stall was much less noticeable and occurred only
at the higher angles. That is, for an L/W, of 8 no transi-
tory stalls were vislible at all for angles less than 5 3
and even small stalls at the wall were hard to find at
angles in the range .of 10-12°., The entire character of the
flow in the wall layers appeared much evener and more uni-
formly oriented downstream. Small stalls were still found
in the region just downstream from the throat, but these
stalls did not fluctuate nearly as much as before and were
larger in size. That is, instead of four or five stalls near
the throat which moved in location, one or two larger stalls
very near the wall appeared and were relatively stable in
regard to location. The same thing was observed in stalls
observed farther downstream. That is, the stalls that were
found appeared as larger flat areas of stall very near the
wall and while they were still transitory in nature, the
motions were far slower than at the higher disturbance levels.
It is also worthy of note, that in the wall layers
where no transitory stall could be observed a different type
of self-energizing of the wall layers appeared to occur.
This mechanism consisted of the production of vortices,
apparently originating in the wall layers, with an axis of
rotation parallel to the direction of flow. Such vortices
appeared in various locations and had various sizes. They
were not fixed in space but appeared first in one location
and then in another. After starting near the wall, they
move outward as they progress downstream. The origin of
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these vortices is unknown. It is clear, however, that they
will act in a manner similar to vortices introduced artifi-
cially by use of vortex generators in energizing the wall
layers. Further study of this phenomenon is needed.

It is also instructive at this point to consider the
effect of a longitudinal perturbation in the inlet velocity
profile of the wall layers. In particular, a small varia-
tion of velocity of two adjacent particles in the boundary
layer each at the same distance from the wall is of interest.
It is clear that such a perturbation could occur as a result
of either a fluctuation from the free stream of the sort
just discussed or a small irregularity in the upstream
history of the boundary layer. For the sake of clarity let
us assume that the irregularity in velocity is in the form
of a step of size g§. Thus at a given section on the wall
the velocity of a particle may be u, while a short distance
away, parallel to the wall, another particle has a velocity
u +g. Let us examine what will happen if this flow trav-
erses a positive pressure gradient. The convective decelera-
tion required for a given pressure rise again can be found
from Euler's equation as a first approximation. If the
particle with initial velocity u is denoted by subscript
g and that with initial velocity u + § by subscript "b",
then since each particle traverses the same pressure rise,
we can write:

dp/p = -udu, = -(uv +€)duy
ors

du /duy = (u +€)/u (6)
Thus the deceleration of the two particles is different. By
letting € be either plus or minus it is readily seen that
faster moving layers are decelerated less than the average
and slower moving layers are decelerated more. Consequent-
1y, an initial unevenness in velocity profile is magnified
by the non-linear interaction of pressure and momentum
forces. Furthermore, if the two particles just considered
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are now made to traverse a still further adverse pressure
gradient. the difference in velocity will be further mag-
nified at a more rapid rate, € will be larger both in
absolute value and in relation to the decreased value of
u. Thus the process tends to be unstable. Such an action
could account for local three-dimensional stall inception
even in a flow which was relatively free from fluctuations
in the free stream. This analysis also involves far less
approximation than the previous one. Equation (6) neglects
the effect of viscosity, but is otherwise exact for a
steady motion under the conditions assumed.

The descriptions of the small transitory stall regime
just given are partly historical due to the need to estab-
lish that such a regime actually exists before discussing
the nature of the flow. Since the number of different ob-
servations are considerable, it may be desirable to re-
capitulate the conclusions now available about the mechan-
isms in this regime of flow, in order to make clear what
is known, what is surmised, and what still remains unknown.

The experiments show that small transitory stall
definitely does exist. When it exists, it consists of small
isolated spots of stall that originate in the wall layers,
move upstream a short distance then leave the wall, and
finally are carried back downstream rapidly by the momentum
forces of the mainstream. The minimum divergence angle at
which small transitory stalls can first be observed, the
size of the stalls, and the frequency of their occurrence
all are strongly dependent on the amount and probably the
type of fluctuations present in the free stream. Increase
in free stream fluctuations tends to decrease the angle of
first occurrence of transitory stally large enough fluctua-
tions can even decrease the angle to negative values. Such
increases in fluctuations also increase both the size and
frequency of occurrence of spots of stall. Quantitative
studies of the effect of the type and size of free stream
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fluctuations need to be carried out. For a given inlet
condition, that is for all upstream conditions held fixed
including the free stream fluctuations, the amount of
small transitory stall increases with increased adverse
pressure gradient, with increased thickness of boundary
layer, and probably also with increased length of applica-
tion of the adverse pressure gradient,

Small transitory stall is not a different phenomenon
from large transitory stall previously reported by Moore
and Kline (1) and further described in the next section.
As pressure gradient is increased the size of the transitory
stalls grow so that the two regimes blend continuously into
each other, and the distinction is one of size rather than
kind. The distinction is useful not because the two regimes
blend together in the middle, but rather because their
behavior is different at the two extremes of points 1 and
4 of Fige 4o
LARGE TRANSITORY STALL REGIME

As already noted, this is the region hetween curves bb

and cc on Fig. 2 and between points 2 and 3 on Fig. 4. In
this region large transitory stalls move up and down along
the walls. The stalls are frequently larger than the
thickness of the boundary layer and cover an entire corner
of the passage or a major fraction of one wall. As these
large transitory stalls become more numerous, they begin
to overlap, and local areas of fixed, that is fully-
developed, stalls may occur simultaneously with the large
transitory stalls. A study of the description of the flow
found by tuft observations pictured in Fig. 3 is revealing
in this connection. It clearly shows that a succession of
states cccurs in which all sorts of various combinations
of stall patterns occur. For given inlet conditions, the
amount of transitory stall apparently increases monotoni-
cally with angle from point 1 to near point 4 of Fig. W.
At point 4 of Fig. 4 however, it is clear that a
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change in the flow mechanism must occur from the shape of
the curve. Both Fig., 2 and Fig. 4, from the observations
of references 1 and 2 respectively, show that this change
is to a fully-developed asymmetric two-dimensional stall.,
However, there are several questions in regard to this
change. First of all, "Why does the stall suddenly alter
from a three-dimensional transient or transitory type to
a relatively steady two-dimensional or fully-developed
type?"

This question has been studied, again by water table
observations, in some detail: A diffuser flow was set up
with a divergence angle slightly greater than that of point
4 of Fig. 4 and with an L/Wy of 8¢ The large fully-
developed stall was then eliminated from the diffuser by
insertion of a cluster of vanes in the manner described in
reference 1. After the flow was again apparently unstalled,
(that is, all the flow appeared moving downstream when
viewed with conventional dye techniques) the vane cluster
was given an inclination away from the centerline in order
to establish a clear preference of the subsequent fully=-
developed stall for one wall. The vane cluster was left in
this cocked position for about thirty seconds and then re-
moved. Dye was injected over the whole area along the wall
on which the fully-developed stall was developing, and the
flow was observed to see where and how the fully-developed
stall began. This test was r epeated about two-dozen times.
The first few trlals were sufficient to establish that the
fully-developed stall began as a fixed spot of stall in the
corner just downstream of the throat, that is, in the loca-
tion where the boundary layer is thickest for the cross-
section of maximum adverse pressure gradient. This fixed
stall then grew, apparently by simple accretion of fluid
from behind, until it extended down the entire corner of the
passage. At this point, the entire mainflow aE the surface
and to down to about half the water depth of 4+ was still
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proceeding downstream on the same wall. Next the stalled
area grew upward until the entire wall was stalled thus
finally giving the fully-developed stall previously described
for this value of divergence angle and L/Wlo The growth
action was not fasts a total time of the order of several
minutes was required on the average for the stall to build

up to the final pattern after the vane cluster was removed.

Initially it had been felt that vorticity might play
a large role in the establishment of a fully-developed stall
since the transitory stalls create small vortices, and the
fully-developed stall appears as a large recirculating
region which contains considerable two-dimenslonal vorticity.
However, tests in which vorticity was artificially introduced
by a spinning cylinder in various ways completely failed to
confirm this idea. 1In facty; no strong vorticity components
have been observed in the growth pattern described above
although vorticity does appear to play an important role in
the shedding of individual spots of stall from the wall and
in the flow along the edge of the slip stream between the
main flow and a fully-developed stall region. The action
of vorticity in spot stall shedding is not yet understood,
and is still under study.

It is clear from the description given above, that the
fully-developed stall builds up gradually going first from
transitory stall to a three-dimensional type of fully-
developed stall and finally to a two=dimensional fully-
developed stall., Furthermore, it is clear from the way
in which the stall grows larger and larger that a stability
problem is indeed involved. The fact that a stability con=
sideration must be introduced is alsoc evident from the curve
of Fig. 4. At point 4 on Fig. 4 a very small increase in
angle brings about a very large change in the entire pattern
of the flowy this in itseif is clear evidence that some
stability consideration should be introduced. 8Since it now
appears that for fixed inlet conditions and fixed L/wl the
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amount of stalled area tends to increase with increasing
divergence angle and since the fully-=developed stall is
created simply by growth, it would appear logical to at=-
tempt to formulate the problem in terms of g balance between
the rate at which stalled fluid is produced over a given
section of wall and the steady rate at which it can he

swept awéyo As soon as this concept is formulated, continu-
ity considerations can be employed to explain many observed
phenomena.

It must be remembered that the production of stalled
fluid in the transitory stall regime is not a steady phe-
nomenonj but is instead a time dependent phenomenon which
produces spots of stall in an apparently random fashion over
both time and space. However, by taking a time average
over a long enough period, certain properties independent
of the individual fluctuations can be determined. Con=
sider a given segment of wall as shown in the contreol
surface of Fig., 1l. For such a control surface, it is
evident that the smaller the long term average rate at which
stalled fluid is preoduced inside the control surface com-
pared to the possible rate at which it can be swept away,
the smaller the percentage of time a spot ef stall will be
present inside the control surface, and the smaller the
percentage of wall area it will cover on the average. Thus
at very low adverse pressure gradients only isolated small
spots of stall of short average duration are observed. How=-
ever, as the adverse pressure gradient is increased, more
stalled fluid is produced, and the average area of wall
covered by stall over a period of time increases. If this
process is continued, a point eventually will be reached at
which the rate of preduction of stalled fluid will exceed
the rate at which it can be swept away on the average. Thus
stalled fluid will gradually accumulate, and a larger and
larger area of stall will build up. This is entirely in
agreement with the observed facts in the diffuser studies
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reported gbove and also with the movies of flow over
airfolls taken many years ago under Prandtl's direction

at G8ttingen. In both instances, a backflow does not simply
set in along a line as envisaged in classical boundary layer
theory, but rather a small area of stall first appears. The
stall then continues to grow until it reaches its final
steady-state size. 1In addition, both studies show that the
final steady state stall point is often not the same as the
point from which the growth commences.

As the following discussion will illustrate, this con-
cept of the balance between the rate of production of stalled
fluid and the rate at which it can be swept away by the
available momentum forces of the mainstream near the wall
is apparently central to the understanding of all stall
mechanisms. It is therefore pertinent at this point to
discuss the nature of the forces by which stalled fluid is
produced and by which it is carried away downstream.

In a viscous flow with an adverse pressure gradient
there are two forces that tend to produce stalled fluldj
these are wall shear and steady pressure forces. There
is only one source of forces available for removing stalled
fluid, however: this is the momentum or inertia forces of
the through flow. However, the momentum forces may act in
either of two ways. Transient pressures can be created by
local deceleration of the flow, and drag forces, laminar
and turbulent may be exerted laterally by the high speed
fluid,

Consider a single transitory spot of stall in the small
transitory stall regime, If it is an isolated spot of stall
on a wall, the forces on it are as shown in Fig. 12a. Since
the spots of stall on the wall move relatively slowly up-
stream, the wall shear will be small. Since the momentum
forces near the wall are very low, the primary forces on
the spot of stall are then the drag forces on its outer edge
which are caused by the downstream flow and the pressure
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forces pushing 1t upstream. As soon as such a spot leaves
the wall, the drag forces due to the surrounding layers of
fluld increase rapidly inasmuch as both the velocity gra-
dient and the area of application increase. The momentum
forces due to impact on the upstream end of the spot also
increase very rapidly due to the increased oncoming velocity
farther from the wall, Since the velocity of the spot of
stall 1s very low, to a first approximation it can be viewed
as an obstacle in so far as the main flow is concerned.,

Thus the pressure at nose of the spot can be approximated by
stagnation pressure locally and is proportional to the square
of the local velocity as shown in Fig. 12b. Thus it is not
surprising that the isolated spots disappear very rapidly
once they leave the wall,

On the other hand, 1f the spots of stall become rel-
atively large, the balance of forces is altered by the fact
that the surface area available for drag by the mainstream
is proportionately reduced as shown in Fig. 12¢c., Thus the
relative effect of both the shear forces tending to sweep
the spot downstream and the rate at which stalled fluid is
captured from the spot by entrainment at its boundaries are
reduced, Hence the spot would tend to stay in the diffuser
longer and to decrease in size more slowly. Another view
of the same thing is seen by noting that if only isolated
spots of constant size. occur then the drag area of each spot
is unaltered no matter how many spots appear. In fact, the
exlstence of spots of stall, by virtue of continuity, re-
quires the remainder of the flow to move downstream faster
and hence the sweeping=out rate of stalled fluid is some-
what augmented by more spots of stall. However, if so many
spots of stall occur that they begin to coalesce, then the
effect of the drag forces of the mainstream is reduced.

This can clearly be seen by comparing the two types of flow
geometries shown in Figs. 12d and 12e. Thus as the spots
begin to coalesce, a destabilizing type of action is to be
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expected. This seems to be in agreement with the flow
pictures shown in Fig. 4. That is, the onset of fully-
developed stall occurs suddenly at about the point where
the transitory stalls are becoming large and begin to over-
lap and interact.

The following further argument concerning the unstable
nature of the transition from transitory to fully=-developed
stall can also be given. It is known from many observations
that the fully-developed stall may start on either wally and
that some apparently trivial difference initially decides
the choice of wall. However, in the two=dimensional dif-
fuser geometry, with steady, thin inlet boundary layers no
case has ever been oObserved in which the fully-developed
stall flopped from one wall to the other. It can be forced
to change walls by introducing a very large disturbance such
as blocking the flow down one wall entirely for a period of
time, but in the absence of such very large disturbances
it appears stable and relatively steady. Consequently, the
growth of the fully-developed stall region seems to stabilize
the flow. This can be rationalized in terms of the force
pictures of Fig, 12d, 12e and 12f. In the case of a fully-
developed two-dimensional stall as shown in Fig. 12f, not
only is the proportionate drag forces reduced as compared
with those on an isolated spot shown in Figs. 12c¢ and 124,
but also the pressure at the leading edge of the stall
region is lower than the stagnation pressure which would be
exerted on the nose of an isolated spot. 1In addition, the
high speed layers of fluid have now been pushed away from
the wall, and can act to remove stalled fluid only along
a two-dimensional interface relatively far from the wall.
Thus, for all these reasons, as a spot of stall becomes
fixed and starts to grow, the rate at which stalled flul
can be swept away from the location in auestion is reduced,
and the spot continues to enlarge itself due to the con-
tinued excess of backflow from downstream until the entire
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flow is pushed away from the wall. The question then arises,
"How is a dynamic balance restored, in the fully-developed
stall region?" This question is discussed in the next
section.

The foregoing arguments on stall mechanisms are not
rigorous in form. It will be clear to the reader that
additional work, both empirical and theoretical, is needed.
However, the hypothesis about the nature of the breakdown
of the flow to fully-developed stall seems to fit the known
facts very well. What is more important, the concepts
developed to provide this explanation can be used to ex-
plain many more known facts, and have also already been
utilized to predict, at least qualitatively, new results
which are verified by experiment. These matters are
covered in the following sections. It therefore seems clear
that further effort to investigate the mechanisms described
is clearly in order, and it is believed that the basic con-
cept of the balance between the rate at which stalled fluid
is produced and the rate at which it can be swept down-
stream will prove fruitful in this work.

Before leaving the matter of breakdown to fully-
developed stall, two further comments are in order. 1In
his brilliant paper on the flow of turbulent boundary layers
in an adverse pressure gradient Clauser (6) found one re-
sult which he was totally unable to explain. This is the
matter of downstream instability. Clauser found that as
the profiles of the turbulent boundary layer were altered
from the type found on a flat plate flows towards those
found in nearly stalled boundary layers, at first the toler-
able adverse pressure gradient increased, but then it began
to decrease again. If the mechanisms described above are
accepted as correct, then an explanation of Clauser's ob-
servations can be given. Since Clauser's measured profiles
represent mean velocities, no indication of the amount of
stall produced is given. However, if it 1s assumed as
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stated above that the amount of stall produced increases
with increased adverse pressure gradient and with increased
length of application of adverse pressure gradient through-
out the transitory stall regime then it is clear that the
destabilizing action due to coalescence of spots of stall
might well be the explanation of the instability observed
by Clauser.

In view of the discussion given in the section on
small transitory stall on the profound effect of free
stream fluctuations on small transitory stall, it is also
desirable to comment explicitly on the effect of fluctua-
tions on large transitory stall. The tests thus far per-
formed suggest that the effect of fluctuations on large
transitory stall is far less pronounced than the effect
on small transitory stall. It is noted that line a-a in
Fig. 2 is not altered greatly by large changes in free
stream fluctuation level. This fact was observed by
Moore and Kline (1) and verified by Cochran and Kline (2).
There is still some question regarding whether a condition
can be created by use of an exceptionally disturbance-frees
uniform upstream flow in which stall will actually begin as
a two=-dimensional phenomenon, that is, in which no tran-
sitory stall will appear at all but the flow will alter
suddenly from an entirely unstalled to a fully-developed
stall condition. This question cannot be answered definite-
ly since there is no 1limit to the amount of precautions
that can be taken to make a smoother and more uniform inlet
condition. However, it can be said that for the smoothest
inlet flows thus far achieved such a condition has never
occurred. In other words, the first stall observed in
every case thus far, has been transitory; fully-developed
stall then occurs only after a further increase in divergence
angle or L/ng apparently as the result of growth of one or
more spots of stall. It would therefore seem likely that .
a2 direct transition from an entirely unstalled condition to
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fully-developed stall is not to be expected except possibly
under the most carefully controlled laboratory conditions

or for laminar boundary layers at very low levels of free
stream turbulence. Under normal conditions for virtually
all internal flows and probably at least many external flows,
it is the author's belief that careful observation will show
that stall inception occurs as a transient three-dimensional
phenomenon. + '

FULLY-DEVELOPED STALL

Steady, Asymmetric, Fully-Developed, Two-Dimensional Stall

In the previous section the notion was advanced that
fully-developed stall was the result of the unstable growth
of a spot of stall which resulted from the fact that the
time average rate of production of stall over a given area
of wall exceeded the average ability of the locally avail~
able momentum forces of the mainstream to remove the stalled
fluid. It was also shown that the alteration in forces on
the stall spot were such that once such an action commenced
it could be expected to continue until a large region of
stall or a wake area developed. This was seen to be in ac-
cord with the observed facts for both airfoils and diffusers.

A question was then propounded regarding how a dynamic
balance was res.ored. An explanation for this question can
easily be given in terms of the balance between the rate at
which stalled fluid is produced and the rate at which it is
carried downstream, For any steady state flow configuration
to exist, even periodically, these two rates must be equal.
The term stalled fluld, as already noted, is used in this
discussion to denote any fluid that is moving against the
main direction of flow. Hence as can be seen by examining
Fig. 2 or Fig. 1l2f, for a fully-developed stall, the stalled
fluid includes the entire back flow up the stalled wall,

Consideration is next given to what creates the back
flow rate of stalled fluid and what determines how fast it
is removed. The rate of production of stalled fluid along

+

This, of course, refers to stall on a faired wall.
Obviously, a two-dimensional stall can be generated by a
sharp corner of large angle.



a given section of wall is believed to be primarily a func-
tion of two things: (i) the value of adverse pressure
gradient, (ii) the amount of fluid near the wall which is
deficient in total pressure. What is meant by "deficient
in total pressure’ is defined and analysed in detail in the
section on losses below,

In a fully-developed stall the amount of stall fluid swept
away downstream is controlled by the rate of mixing of the
stalled fluid with the mainstream. This in turn is influ-
enced by the nature of the boundary layer (or slipstream) in
which this mixing occurs and by the geometry of the stalled
region.

With these qualitative concepts in mind it is easy to
rationalize the behavior of the steady fully-developed stall
region found in diffusers. Referring to Fig. 1l3a, it can be
seen that the pressure in the exit plane of the diffuser is
controlled primarily by the size of the stalled region. This
is proven as follows.

Since the mainstream flows along one wall with little
friction inside the stream, Euler's equation can be applied
along a streamline at the center of the mainstream. This
yields: 2
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and since W, = h + J substituting into (9) yields:
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Thus the larger the value of h, the smaller the value
of pressure recovery.

Since the flow in the fully-developed stall region is
known to be steady, it follows from the arguments above
based on continuity that the rate of backflow up the stalled
wall; wyps must equal the rate at which fluid is removed by
the entrainment in the mainstream, Wee If it is noted
that the entrainment flow is relatively insensitive to the
pressure at section 2, and also that the backflow in this
case depends primarily on the pressure at section 2, then
the explanation of the stability of this type of flow pat-
tern is easily given.,

If the pressure in the exit plane increases momentarily,
the backflow will increase, but the entrainment flow will
not be materially altered. Hence, wb‘> Wy and by continu~-
ity the slze of the stalled region must increase with time.
This will in turn increase the dimension h and reduce the
pressure at section 2 thus tending to reduce Wy and restore
a dynamic balance. A similar argument appllies when the
bressure is reduced at section 2. In this case wb<:we H
h decreases, and the pressure at section 2 rises tending to
restore the dynamic balance.

If the foregoing argument is correct, then the rate of
backflow up the stalled wall is critical in the performance
of the diffuser in this zone. And any change in geometry
that tends to alter the backflow rate of stalled fluid would
influence the pressure recovery very markedly. This pre-
sents a simple means for checking the concept developed. The
following experiment was performed in the water table. &
fully-developed stall was set up. The dimension h was noted.
Then a strip of galvanized steel was inserted into the exit
plane so that it blocked the flow across approximately
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twenty-five percent of the dimension h near the stalled

wall (see Fig. 13b). As soon as this was done, the size

of the stall began to decrease, After a few minutes it

had decreased forty to fifty percenty it then remained

fixed In size. As soon as the blocking vane was removed
from the exit plane, the stall zone returned to its original
size. This experiment was then repeated several times. The
results were the same each time.

It is believed that this verifies the concept developed
concerning the nature of the flow in a fully-developed stall
region. The experiment indicates that in this regime, control
of the pressure recovery can be achieved at least to some ex-
tent by reduction in backflow rate as well as by increase of
the rate at which the stalled flow is removed. This again
reinforces the idea that it is the ratio wy/w, rather than
the individual values that is important in governing the
behavior of a stall.

This experiment syso shows that the flow can be strongly
affected by downstream geometry, that is by the geometry down-
stream of the point of separation, in a fully-developed stall
regime. This fact probably accounts for all or a large part
of several known results. First of all, the scatter in the
diffuser performance data in the fully-developed stall regime
is enormous. In this region recoveries varying from 5 to 50%
have been recorded for what appeared to be similar conditions,
that is, for comparable values of divergence angle and length
to width ratio. It is quite likely that a large portion of
this variation is due to variations in downstream geometry
that are usually not considered in diffuser design. These
variations in downstream gecmetry can affect the stability
of the overall flow pattern by altering the ratio wb/we in
the fully-developed stall region, and as shown by the example
above the results may be in the opposite direction from that
which would be predicted for an unstalled flow.

It should be noted that these effects of downstream
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geometry are probably only important in the fully-developed
stall region. They will be much smaller or non-existent in
the transitory stall regime, for unstalled flows, and in well
vaned diffusers. It is also apparent that in some cases
downstream geometry variations on the unstalled wall may be
less significant than on the stalled wall in so far as im-
provement of performance in the fully-developed stall re-
gime is concerned. It is also quite clear that further study
of this type of behavior is needed in order to evaluate these
concepts quantitatively and to obtain further detalls.

Several other important conclusions can be drawn from
the ideas just given. First; while the concept of the
balance between backflow rate of stalled fluid and down=-
stream flow by entraimment 1s basic to both zones of stall
described, in several other regards the concepts needed to
explain the behavior of the two regimes are very different.
In particular, in the case of the asymmetric, steady, fully-
developed, stall consideratlon of the stability of the en-
tire flow pattern and its dependence on the interaction
between the mainstream and the stalled reglion must be
introduced. This is a concept that transcends classical
boundary layer theory; it will be found that similar con-
siderations are needed in the explanation of the other zones
of fully-developed stall. This discusslon also illustrates
again the futility of discussing simply "stalled" and
“unstalled” flow, Since the concepts required to explain
behavior in the different zones of stall are in part dif-
ferent, it is quite clear that the type of stall present must
be known if any rational picture of the flow behavior is
to be formed,

Perhaps of even more practical importance than the
conclusions just stated is the fact that alteration of the
backflow rate of stalled fluid can alter the behavior of the
stall. This concept will be used to advantage again below
not only to rationalize known behavior but also to predict
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means for improving real flows. From the general point of
view, if the central concept governing the behavior of

stall is the balance between the rate of production of
stalled fluid and the rate at which it is swept downstream,
then it is clear that this balance can be improved in either
of two ways: (i) increase the forces available near the
wall for sweeping stalled fluid downstream, (1i) decrease
the backflow rate along the wall. In most of the means for
control of boundary layers and wakes proposed to date expli-
cit use is made only of item (1), Item (iil) has frequently
been used implicitly, but there are some situations in which
it should be possible to obtain considerable improvement in
the flow by explicit use of item (ii). This will be dis=-
cussed in more detail in the section on Control of Boundary
Layers and Wakes,

Jet Flow Regime

In terms of the classification of stalls given above
the jet flow is also a steady fully-developed stall. It
has two fully-developed stall regions instead of one, however,
as shown in Fig. 2. As previously noted, there is again a
stability problem associated with the transition from the
two-dimensional asymmetric stall to the Jjet flow. Some
additional facts on this stability problem are now given.

If the slow build up of the asymmetric stall is ob-
served in the water table under symmetric conditions; that
is without the purposeful inclination of the initial flow
described in the tests above, then the amount of transitory
stall actually increases on both walls more or less sym-
metrically as angle is increased. At the point where the
breakdown to fully-develored stall occurs,; very large
transitory stalls with some areas of fixed stall appear on
both walls, and this may continue for several minutes, or
in some cases, even longer if the upstream flow 1s
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particularly symmetric., Under these conditions, the main-
flow moves primarily down the center of the channel. Then
some relatively large random disturbance or some residual
initial effect starts the mainflow moving from the center
toward one side, As shown in Fig. 14, this creates a
larger pressure on one side of the mainflow and a smaller
one on the other due to the curvature of the streamlines.
Hence the backflow up the wall toward which the jet moves

is decreased, and the backflow on the other wall is in-
creased, The stall on the wall toward which the Jjet moves
therefore tends to decrease in size, and the stall on the
other wall increases in sizes This pushes the mainflow
still further from the centery a larger streamline curvature
occursy, and the process is continued until one wall has a
fully-developed stall and the mainstream runs down one wall.
Thus a jet in the center of two walls tends to be unstable
under these conditionse. This explains why an asymmetric
flow is found over a wide range of angles.

If the angle is continuously increased, the wall moves
farther and farther from the jet, and ultimately a point
will be reached where a small change in jet shape will no
longer materially affect the pressure distribution along
the downstream wall. Then the interaction just described
will not occur, and the jet regime will remain stable.

The explanation given above regarding the establish-
ment of the asymmetric fully-developed two-dimensional
stall alsc can be used to explain the overlap region
found at the transition to and from jet flow shown by lines
cc and dd on Fig. 2. When anele was increased, the transi-
tion was found at line ccy when angle was decreased, the
transition was found at line dd. As angle was increased
the transition at line cc was slowy the mainstream fought '
its way out into the center gradually often requiring more

than five mimmtes to effect the entire transitions On the

o
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other hand; when angle was decreased the transition at line
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dd was relatively rapid which illustrates the unstable nature
of the jet flow when the confining walls are close to the
jet,

The nature of this instability has also been investigated
in an experiment described to the author by H. Emmons. This
experiment consists of running a smgll tube from the stalled
wall to the unstalled wall as shown in Fig. 15. This tube
equaliZes the pressures on the two walls and thus eliminates
the instability caused by the pressure difference across the
curved streamlines of the jet. Thus jet flow is stabilized
to much lower angles of divergence.
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UNSTEADY FULLY DEVELOPEB STALL

Let us return now to the question, "Will a fullye
developed stall remain steady, or will it periodically shed
stalled fluid?" The answer to this question 1s readily
found from the concepts already developed. Consider a
stall such as that shown in Fig. 16a. If the backflow rate
Wy is greater than the entrainment rate Wos then the size
of the stall must grow. If this process is long continued,
a bulge of stalled fluid will ultimately begin to block
the mainflow, as shown in Fig. 16b. This bulge acts as an
obstacle to the flow. It will consequently have a low pres-
sure region behind it, and a high pressure reglon in front
of it. Thus a point will soon be reached when the bulge
will be ripped off by the momentum forces of the flow and
proceed downstream as a vortex. The fact that this must
be so is easily seen since if it were not true then the
stall would soon block the entire flow. In other words,
the growth of the stall region brings into play the same
increased forces that act to remove isolated spots of
stall once they have left the wall, that is, the momentum
forces of the malnstream acting through both impact and
shear.

This conception of the unsteady, wake shedding, stall
should be a useful one in that it suggests means for re-
ducing or even eliminating the wake shedding process. For
example, in the case of the corner two possible schemes are
shown in Figs. 1l6¢ and 16d. These configurations have not
been tried, and are undoubtedly not optimum ones. The
scheme of Fig. 164 is somewhat more complicated, but it
offers greater control over the steadiness of the stalled
region because the ratio wb/we can actually be controlled.
Such schemes may be of practical utility in certain situa-
tions since it is well known that the loss due to a stall
region 1s not great, nor are large fluctuations caused in
the flow if the stall remains fixed or steady. It is only
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when the stall or wake sheds large hunks of fluld as vor-
tices, that really great losses and large flow fluctuations

o A

occurs
The following simple experiment related to wakes has
been performed in this connection. A cylinder of O.SOOW
diameter was inserted normal to the flow in the water table.
The Reynolds number was approximately 3000 so that the flow
regime was well above the upper critical value found by
Roshko (9). As usual a wake of a highly fluctuating nature
was then found upon injection of dye upstream from the
cylinder. This wake was about three cylinder diameters in
width at a station four diameters downstream from the back
of the cylinder. After making this obserwation a cylinder
of 0.041" diameter was inserted in the wake in such a way
that it tended to impede the backflow into the wake region.
The most effective point was found to be along the down-
stream centerline slightly forward of the pcint where the

free streamlines coming from the stall points appear to !’
rejoins With the small cylinder in this locatlion, a strik-
ing reduction in both the size of the wake and the flow : ~

fluctuations was observed. The wake was reduced to ap-
proximately one-=third to one-half of its original size (the
exact amount is hard to determine because of inability to
define the wake region accurately with dye). The oscilla-
tions were not eliminated entirely, but the size was much
reduced and the frequency alsc appeared lower. Insertion
of a rod of 0.100" diameter in the same location as the
0.041" rod was even more effective in reducing the size of
the wake, and actually appeared to eliminate most of the
fluctuationsy shedding would only occur now and then, ap-
parently when a strong perturbation came from upstream. In=-
sertion of a flat plate 1/16th inch thick and one inch long
on the downstream centerline of the cylinder starting from

the trailing edge was even more effective., The reason for
this i1s believed to be that the plate not only reduces the
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backflow up the centerline, but also prevents large disturb-
ances from upstream starting an oscillation of the stalled
fluid from side to side, and thus placing it where it will
be washed downstream by the momentum forces of the main-
stream. This last result is in agreement with similar
results reported by Roshko (9). These results also suggest
that useful information may be found concerning the problems
of the fluid induced oscillation of cylinders such as smoke
stacks and periscopes by considerations of this kind. It
has already been noted by Ozker and Smith (10) that
several smokestacks-in a row give very different results
than single stacks. Price and Thompson (11) also found that
the oscillations were markedly altered when large ampli-
tudes of the cylinder were admitted. In terms of the con-
cepts just discussed this is to be expected inasmuch as a
large lateral movement of the cylinder would expose previous-
ly developed stalled fluid directly to the momentum forces
of the mainstream. It would thus tend to cause a large
alteration in the ratio of production rate to removal
rate of stalled fluid,

Similar arguments can readily be applied to the case
of the spinning cylinder normal to the flow as compared
to the stationary cylinder. Examination of the movies pre-
pared years ago under Prandtl's direction for these two
cases shows that the wake produced by a spinning cylinder
is much smaller and steadier than that for the stationary
cylinder. 1In terms of the present concepts this would also
be expected from the fact that the stagnation point occurs
at the rear of the cylinder in the stationary case and on
the side for the rotating case shown. Thus in the rotating
case the stalled fluid is exposed directly to the mainstream
flow, and 1s swept away downstream nearly as fast as it is
produced. Consequently, the growth and decay of the wake
region does not occurj the flow is much steadier and the
wake 1s smaller.
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CRITERION FOR EXISTENCE OF VARIOUS TYPES OF STALL

The foregoing discussion and description of experiments
are not adequate to answer all of the important questions
relating to the many problems discussed. Much work remains
to be done. However, it 1is believed that they are sufficient
to show that the concept of the dynamic balance between the
rate of backflow and the rate of downstream flow of stalled
fluid is central to the rational understanding of the be-
havior of stalls. Furthermore, in terms of the foregoing
discussion it is now possible to give a more definite
basis for the classification of stalls than that given
above. The dlscussion shows that the real basis for the
classification suggested is as follows. If Wy, is defined
as the time average rate of backflow over a given section
of wall area, and wy is defined as the time average rate
at which this stalled fluid can be swept downstream
steadily by the available momentum forces of the malnstream
flow, then the following criterion applies:

A <g; 1 Small Transitory Stall
wb/we<: 1 Large Transitory Stall

=

LIWAT Steady Fully-Developed Stall
~

e v

ot

wy/W Unsteady (shedding) Fully-Developed Stall
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RATIONALIZATION OF OTHER KNOWN RESULTS

VANED DIFFUSERS

Since the initial purpose of the present work was to
explain the excellent results found with vaned diffusers,
it is appropriate at this point to apply the concepts
developed to this problem.

The problem as stated above is, "How can a vane that
does not alter the pressure distribution of the potential
flow have any large effect on the flow conditions?" The
answer to this question can now be given readily. As shown
above, a fully-developed stall apparently does not ordinar-
ily begin along a line in the way described by classical
boundary layer theory but instead grows.from the unstable
enlargement of a spot of stall. Furthermore, this unstable
growth apparently arises from the fact that the spot of
stall in growing pushes the mainstream away from the wall

and thus decreases the momentum forces of the mainstream
available at the given wall section. This in turn reduces
the rate at which stalled fluid is swept downstream alomg
that portion of wall, If a vane is now inserted in the
flow in such a way that it tends to prevent the mainstream
from being diverted away from the wall, apparently, this
unstable action can be prevented. A sketch of the type of |
vane configurations employed is shown in Fig. 17a (for
complete details see Reference 2). It is clear that these
vanes will indeed tend to prevent the mainstream from being
forced away from one wall, The action of a single vane 1is
pictured in more detail in Fig. 17b. When the flow is
steady the vane does very little. However, if a large
transitory stall began to destabilize the flow, the vane
would then have an angle of attack relative to the mainflow
and would create a pressure distributiom of the sort shown
in Fige 17b. This pressure distribution is of a restoring
nature; that is, it tends to force the mainflow back toward
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the wall on which a fully-developed stall would otherwise
begin to grow. Hence the effect of the vanes is of a
transient stabilizing nature, and they can and apparently

do provide the forces necessary to stabilize the transitory
stall regime and prevent development of large areas of stall.

If the foregoing description is true, then the vanes
should not be expected to eliminate all stalls, but rather
should tend to prevent the formation of relatively large
stalls. Thus 1t would be expected that transitory stall
will be found on the vanes and on the side walls. This
point has been checked in both the air unit and in the
water table, and such is indeed the case. The vanes reduce
the size of the stall at any one section, but transitory
stalls of various sizes are consistently found both on the
vanes and the walls. Apparently, then the vanes hold each
passage well down into the transitory stall regime. The
resultant overall performance is relatively good, and the
filows are relatively smooth,

The foregoing explanation is not in conflict with the
overall design type of explanation of vane action given in
references 1 and 2. This overall explanation simply states
that each passage should be such that it will not stall out
according to the pertinent single passage data (in this
case the data of reference 1). The more detailed explana-
tion just given shows in addition that the overall flow pat-
tern thus created is stable. Hence under these conditions
a good flow 1s found in each passage, and one does not find
one or more of the passages stalled out wlith the entire flow
passing through only some of the passages. However, if
the individual passages are such that they would in them-
selves tend to have a fully-developed stall as sometimes oc-
curs when full length splitters are used, then at least one
of the passages will stall out completely. This will reduce
the pressure recovery and thus reduce the backflow in the
other passagesj; it may then be possible for them to operate

- 62 =




without fully~developed stalls. The argument proceeds sim-
1larly to that given for the fully-developed stall region
above, and is merely the familiar "flow blockage" concept
that has been employed for some time in connection with
cascade analysise

Similarly, if the individual passages operate in the
very large transitory stall region for the symmetric flow,
then some relatively small perturbation could stall one
passage entirely. If this occurred, the resulting flow
would be stable in the other passages, and the configuration
would remain. The design criteria found by Cochran and
Kline (2) show that the optimum performance occurs when each
vane passage lies approximately at the line between small
transitory stall and large transitory stall. This is in
agreement with the conclusions just reached from considera-
tion of the mechanisms.

The foregoing discussion also explains why the vanes
operate best when placed along streamlines rather than at
an angle of attack as was at first felt to be desirable.
Since the action of the vanes is not to energize the boundary
layer, but instead is to prevent the unstable growth of stall,
it is clear that better performance will be obtained if the
vane loss is minimized consistent with the stabilizing ac-
tion. This occurs when the vanes are located on streamlines
of the flow. This same argument explains why the vanes give
the best performance when the angle of optimum effectiveness
is used for each vane passage. As shown in reference (2),
the minimum loss in a diffusing passage with a given pres-
sure recovery occurs when the function 1l-n/n is a minimum,
and this minimum is coincident with maximum n.
UNVANED DIFFUSERS

There are still a few questions relating to unvaned
diffusers that have not been answered in the process of
developing the concepts above. One of these 1s, "How does
the stall develop that creates the jet flow from the
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asymmetric, two-dimensional, fully-developed stall at line
cc in Fig, 2?" In terms of classical stall concepts, this
question is very difficult if not impossible to answer since
the flow now proceeds, apparently unstalled down one wall,
and the pressure recovery is very low. Thus no reason can
be seen why it should ever stall off the second wall, How-
ever, 1t is shown above that in the fully-developed two-
dimensional stall regime, there is some pressure recovery,
and also that this recovery is governed primarily by the
size of the stall region, Consequently it is clear that
some positive pressure gradient exists on both wallse

Thus in addition to the fixed stall on one wall, some
transitory stall is to be expected on the other wall.
Examination of the flow using dye injection onto the ap-
parently unstalled wall shows that this is indeed the case;
transitory spots of stall do exist. Thus if the angle is
made vyery large near the wall so that the influence of the

far wall on the pressure distribution of the stalled wall
is small, then the spots of stall can grow into a fully=-

developed stall in the way described above. In other words,
as the walls are spread apart, their mutual stabilizing
influence is diminished, and unstable stall growth can take
place on the second wall also.

Another questiom that can now be answered relates to
the matter of tailpipes on diffusers. It has been found
in many tests that addition of a tailpipe to a diffuser of
poor performance tends to increase the recovery. In terms
of the concepts developed above the explanation to this ef-
fect is evident. The addition of the tailpipe tends to re-
duce the backflow rate of stalled fluid into an already
existing stall area due to the pressure forces, but it does
not decrease the rate at which stalled fluid is swept down-
stream by entrainment. In fact, it may increase this rate
by increasing the interface surface on which shear forces
can act on a stall. Thus the tailpipe will alter the value
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of wb/we in such a way that a higher recovery is necessary
to restore a steady state condition.
WAKES AND BASE PRESSURE

It is clear from the discussion of the contraction
corner and the experiment on the circular cylinder described
above that the concepts developed are also of utility in the
base pressure and wake problems. The same criteria regard-
ing stall exist, and all data available to the author, in-
cluding airfoil studies in the water table suggest that the
same phenomena found in the dlffusing passages also occur
in positive pressure gradient external flows with the single
exception of the stabilizing action of nearby wallso

When the point was reached in the present work where

detailed consideration of wakes and base pressures was to

be undertaken, a conversation was held with Dr. D. R. Chapman
of the Ames Aeronautical Laboratory of the NACA whose work
on base pressure is well known. It was found that Dr.
Chapman and his co=workers had already independently reached
many of the same conclusions found by the present author for
the case of the truly steady, fully-developed stall. In fact,
Chapman, Kuehn, and Larson (12) presented a paper at the
Ninth International Congress of Applied Mechanics (Brussels
1956) on the detailed analysis of certain cases of this type
of stall. This brilliant work explicltly uses the criterion
wb/we = 1 for a truly steady stall. It also makes numerical
calculations of the pressure in the stall region based on
Chapman's earlier work (13); these quantitative results are
verified by datae. This paper therefore gives a complete and
remarkably good quantitative verification of the ideas re-
garding stalls set forth above for the particular case of
the truly steady fully-developed stall. Thus it not only
provides an important check for the present work which at=-
tempts to apply these same concepts to a wider range of
stall problems, but it also gives an excellent means for
computing quantitative results for at least some cases of
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the type wy/Wwg = lo

It is worth noting here also that Chapman, Kuehn and
Larson starting from the case of the fully-developed, truly
steady stall in external flow, arrived at the same parameter
as the present author who began by consideration of transitory
stall in internal flow. One other similarity of the work of
Chapman, Kuehn and Larson (13) to the concepts developed for
use in diffusers is discussed in the section on lossese

Since the work of Chapmen, et al goes considerably far-
ther than that undertaken by the present author for the case
of the steady fully-developed stall and its connection to
the base pressure problem, there is no need for further dis-
cussion of the matter here, and it is possible to pass on
to other problems.
LOSSES IN DIFFUSING PASSAGES

As noted in the foregoing discussion, the existence of

the transitory stall mechanism provides an explanation for
the long standing discrepancy in the data between the
measured losses and the known values of wall shear and tur-
bulent energy dissipation. The present discussion explores
the question: "Why does this loss arise?" and it suggests
meanhs for estimating the magnitude of the loss in the small
transitory stall regime. The estimates are not carried out
in the present work, but will be the subject of later dis=-
cussion.

As noted above the mechanism of transitory stall can
be viewed as a self=induced augmented mixing process that
provides the energy needed for the wall layers to move
through the adverse pressure gradient. Basically, the
answer to the question: "Why is such energy needed?" has
been known for a long time. It is simply the fact that some
fluid is present in the diffuser (or more generally in the
adverse pressure gradient zone) that has a deficiency of
total pressure due to viscous effects in the diffuser or
upstream. However, consideration of the mechanism of
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transitory stall suggests that a slightly different view
than the classical one might be of utility; this is as
follows. Any particle of fluid in the diffuser that—has a
total pressure less than the exit pressure cannot move out
the end of the diffuser unless a certain minimum amount of
work 1s done on the particle. This follows from the fact
that if the particle is decelerated to zero, it still will
not have a pressure as great as the exit pressure of the
diffuser. An explicit proof of this fact is now given. We
begin with the energy equation for the steady motion of a
particle through a control surface in the form:

dQ = dhg + aW, (11)

By definition hp = e + pv, and dW, is the work done by the
particle exclusive of flow work. In the present case we

are considering adiabatic flow, and hence dQ is zero.

Noting that the only internal energies stored in the particle
are the internal thermal energy, e, and the kinetic energy,

v /2, we can then write Egn. (11) as:

dhg = de, + pdv + vdp + VAV = ~dW, (12)
where the minus sign simply denotes work input. Furthermore,
for one pure substance in the absence of effects of fluid
shear, capillarity and external fields, and for the observer
who rides on the particle, the First Law, Second Law and
State Principle of Thermodynamics require that:

Tds = pdv + dey (13)
For an adiabatic process the Second Law of Thermodynamics
also dictates that the entropy may not decrease. Consequent-
ly, the sum de, + pdv must be greater than or equal te zero;
the greater than applies te any lrreversible and the equality
to any reversible process. Under the best possible conditionss

that is, for a reversible process, a given particle must
therefore obey the equation:
vdp + Vav = 4w, (14)
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If the work input is zero, the maximum possible pressure
rise iss ©

p, = P = f - % av (19)

Eqne. (195) is, of course, nothing but Euler's equation, and
could have been used at the outset. However, if the more
general form equation (14) is also used, the minimum amount
of work required for a given pressure rise can be found.
Suppose that the following process is carried out. Let the
particle moves downstream reversibly, adiabatically, and
without work interchange until its velocity 1s zero. The
pressure rise created is then given by equation (15) and the
final pressure achieved is stagnation pressure by definition.
However, it was assumed initially that the particle has a
stagnation pressure less than the exit pressure of the dif=-
fuser. Since the velocity, V, of the particle is now zero,
equation (14) dictates that any further pressure rise can
only occur if

-dw, > 0. (16)

That is a certain minimum work input 1s required. The
value of this minimum work input is the same for any re-
versible path between the given end states and it may thus
be found for the process just discussed by equation (14).
It is consequently:

) _ fpexit
B X ming— vap (17)
Po

For an incompressible flow, equation (17) integrates immediate-
ly to give

e (WX) = V(Pexit - Po) (-1-8)
or more generally. we can write by use of the mean value
theorem:

- (Wx) = v (pexit - po) (19)

where ¥V is a suitable average specific volume which will
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always lie between the extreme values of v involved in the
integration. Since v is always greater than zero by defini-
tion, no ambiguity of sign can occur in either equation (18)
or equation (19). It therefore follows that the requirement
of a work input exists only for particles that have a defi-
ciency in total pressure. Furthermore, the minimum work re-
quirement is, at least to a first approximation, proportional
to the difference between total pressure and exit pressure.
It is also evident that it is impossible for such a work re-
guirement to exist in a favorable pressure gradient zone
since by definition if %ﬁ £ o  then:

Pexit { p { p, (20)

This discussion also yields some information on the ef-
fect of inlet boundary layer on diffuser performance. The
available data on this point are scantyj; however, what data
exists, most notably that of H. Peters (14) and Little and
Wilbur (15) show that a strong effect exists. To date the
tendency has been to correlate the data on the basis of the
boundary layer displacement thickness. From the foregoing
discussion it would seem that a better parameter could
probably be formed by comparing the minimum work requirement
given by equation (17) or (18) for the entering low energy
fluid to the total entering kinetic energy. The computation
of such a parameter requires no greater effort than the com-
putation of displacement thickness of the boundary layer. If
a boundary layer thickness measure is to be used, the discus-
sion suggests that the energy deficiency thickness might be
most appropriate. However, even this parameter is not a
proper measure since equation (18) shows that the work re-
quirement is not only a function of the entering velocity
profile but also is strongly dependent on the exit pressure
and hence on the geometry of the diffuser. ©Since the energy
deficiency and the displacement thickness are related
guantities, it is not surprising that a change in performance
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has been found when & is varied within a homologous set of
data.

Let us now remind ourselves of the various ways in which
a given particle can occur in a diffuser with a total pres-
sure less than the exit pressure. These are: (1) it
enters with a very small total pressure, (ii) its total
pressure inside the diffuser is decreased by wall shear,
(1i1i) its total pressure inside the diffuser is decreased
by viscous effects arising from fluctuations in the flows
Data are available from which the deficiency of total pres-
sure created by wall shear can be estimated. Means are also
avallable for estimating the energy dissipation due to normal
turbulent decay, as illustrated for example by Kalinske (7).
However, until now no account has been taken of the fluid
that enters the diffuser from upstream already deficient
in total pressure due to the history of the previous boundary
layers

In many cases the largest component of the fluid which
is deficient in total pressure will come from the upstream
boundary layer. It therefore appears imperative to estimate
the effect of this deficiency on performance if rational
calculations of diffuser losses are to be carrled out. From
consideration of continuity, it is clear that for any steady
flow, all of the fluid that enters the diffuser with a defi-
ciency of total pressure must ultimately be carried on down-
stream, If this were not true, then low energy fluid would
be continually piling up inside the diffuser and a steady
state could not exists In other words, in the transitory
stall regime, by definition, the rate at which stalled fluid
is prcduced is less than the rate at which it can be swept
downstream. Hence an estimate of the loss incurred by the
action of transitory stall can be found by computing the
minimum work required to provide the deficiency of total
pressure in the entering fluid, and estimating the irrevers-
ibility associated with performing this work in a mixing
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process, If the dissipation due to wall shear and turbulent
decay is added to this transitory stall loss a crude estimate
of diffuser loss can be found.

What 1s perhaps more important than the direct diffuser
application just discussed is the more general application
of the idea that work must be done on the fluid with a total
pressure less than that of the exlt pressure in a region of
adverse pressure gradient and that this work is done primarily
by mixing and shear from the surrounding layers. This idea
is an o0ld one, but it 1s not clear whether the full implica-
tions of it have been understood. Since the required work
is done primarily by shear, it must inherently involve dis=-
sipation of energy and hence a loss in performance. Thus the
total loss is not given by the wall shear alone as it is in
the case of the favorable or zero pressure gradient flow.

The loss apparently usually occurs in mixing between the
mainstream and spots of stall. Any forces exerted in such

a case will consequently appear as an action by the mainstream
fluid with an equal and opposite reaction on the spot of stall.
Thus the forces will not appear at the wall unless the spot

of stall is moving along a wall. It is likely that it is this
added loss that invariably makes the efficiency of diffusing
passages lower than those of apparently comparable nozzles
despite the higher wall shear coefficients of nozzles.

A closely related idea to that just developed has been
recognized very clearly by Chapman, Kuehn and Larson (12) in
their paper on the steady fully-developed stall. In fact,
one of the critical ideas in that paper is the use of the idea
that particles with a deficiency in total pressure cannot
escape from a stalled region by their own action. This idea
is used to locate the dividing streamline between the steady
stall and the mainstream.

The present discussion provides the explicit thermo-
dynamic proof of the correctness of the concept, and shows
that in a more general sense it applies to the processes in
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in any adverse pressure gradient flow.

The foregoing discussion also illustrates, in a dif-
ferent way, the reasons for the behavior predicated, and
actually found in the small transitory stall regime. From
the discussion of losses, that is energy, just given it is
to be expected that for other conditions held constant,
each of the following will give increased amounts of
transitory stall:

1) Increased adverse pressure gradient.

2) Increased length of application of adverse pressure
gradient.

3) Thicker inlet boundary layers.

These conclusions are all in accord with those reached
from consideration of the forces on the wall layers.

In addition to these conclusions, the foregoing discus-
sion also suggests, but does not prove, that increased
production of stalled fluid will give an increase in total
dissipation in the flow. Cochran and Kline (2) have shown
that the following relation between head loss and recovery
holds for an incompressible one-dimensional diffuser flow:

H
H = —fs =Co, =.C
L %pvg PRi " PR
This function is plotted in Fig. 18 from the data of reference
2. It is seen that it 1s indeed a monotonically increasing
function with increasing divergence angle. This is guite
meaningful up to the angle that corresponds to that for
optimum recovery, that is between points 0 and 2 in Fig. Y4,
and in this region it needs no special interpretation. How=
ever, for the region beyond optimum recovery, it must be
interpreted with caution for the following reason. The loss
cf head ﬁL is a measure not only of dissipation in the flow
but also of the leaving loss. That is it charges the diffuser
not only with the head loss due to dissipation but also with
the excess of kinetic energy leaving the unit above that which
would occur with a one=dimensional exit velocity profile.
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For some purposes this is the measure of loss desired, but
for other purposes it is not. 1In particular, if a tailpipe
or downstream duct 1s added to the diffuser some of the
leaving loss arising from non-uniformity of velocity profile
at the exit of the diffuser will usually be recovered down-
stream.

It is not yet clear whether a uniform increase in dis-
sipation occurs as angle is increased. It 1s clear that the
actual dissipation will increase uniformly with angle up to
point 4 in Fig. 18 where a fully-developed stall first oc-
curs. Thermodynamic considerations suggest that the energy
dissipation (exclusive of excess leaving loss) is probably
less in the fully-developed stall regime than that found in
the large transitory stall regime just to the left of point
L4 of Fig. 18, but detailed calculations on this point have
not yet been carried out.

COMPRESSOR BLADE UNDERFILING.

One of the mysteries of the compressor and pump in-
dustries 1s the matter of blade underfiling. Empirically,
it has been known for a long time that the output head can be
increased a modest amount by beveling the exit edge of the
blades. This action causes a slight drop in efficiency and
is therefore normally only used when the unit does not quite
meet specifications of head or pressure ratlio. No reason=-
able explanation of the behavior is known. In tems of the
mechanisms discussed above a possible explanation can be
given. This explanation has not teen checked, and should be
considered as a possibility rather than a fact.

If the data on the flow patterns in normal centrifugsl
impellers taken some years ago by Fischer and Thoma (16) is
examined, 1t clearly shows that the impeller operates at the
deslgn condition with each passage in the flow regime that is
here called steady, fully.developed stall. Far off design,
this configuration apparently becomes unstable and a rotating
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stall results. However, for the present purposes let us
consider the design condition,

Due to the pressure differences created by blade load-
ing, the stall in the impeller is on the suctlion side of the
blade and the throughflew is on the pressure facs. We have
already seen that changes in downstream geometry, can af-
fect the performance in this zone quite markedly if they are
of such a nature that they alter the ratio Wb/we° In the
case of the impeller flow shown schematically in figure 19,
filing of the trailing edge of the blades could alter this
ratio. This might occur in the following way. The sketch of
the flow pattern in Fig. 19 shows some recirculation or back-
flow from the pickup region of the diffuser along the suction
edge of each blade. In an efficient unit this flow cannot be
large compared to the mainflow since it has to be pumped back
out again. That 1s the fully=developed stall in the passage
is apparently nearly a closed truly steady one at the design
point. and hence most of the flow in the stalled region simply
recirculates in a closed loop. However, if any backflow
enters from the diffuser pickup due to the pressure forcesy
then such a flow is impeded by the shear forces exerted on
it by the mainflow from the pressure surface of the next
passage. If the blade trailing edges are filed, then the
distance between the backflow and the outflow along the pres-
sure surface of the next passage is reduced and the effect of
the shear forces 1s increased. This would tend to ralse the
output head due to the action described in detail in connece
tion with a diffusing passage discharging into a plenum chamber
above, That is, the reduction in the ratio wy/w, causes a
reduction in the size of the stall, an increase in diffusion,
and firally a restoraticn of the balance between Wy and We
at a higher value of pressurs recovery., At the same time,
the aztion of shear between the backflcw and the outflow
from the next passage is a very strong one, and a reduction
in the width of the slipstream wlll cause an appreciable

-7 o




.

increase in dissipation with a concomittant decrease in
efficiency.

CONTROL OF BOUNDARY IAYERS AND WAKES

A large number of different means for the control of
boundary layer flows have heen suggested and/or tried during
the past fifty years. Most of these schemes have been suc-
cessful to at least some degree. It is therefore pertinent
to see if the mechanisms discussed above check the known
results and if they suggest any further possible improvements.
All of the methods of boundary layer control previously pro-
posed rest on one of twoc actions: (i) augmentation of the
energy of the fluid near the wall, (ii) reduction of the
amount of low energy fluld near the wall by removing it.
Both of these concepts are used primarily in a qualitative
empirical fashion in practice, and since they are qualita-
tively totally in agreement what has been predicted from
the concepts developed above, no disagreement or conflict
whatsoever 1s apparent. The o0ld idea of "boundary layer
health™ expressed in terms of velocity profile remains
as previously a profoundly utilitarian concept. However,
the mechanisms discussed above alsoc suggest certain other
possibilities that may be of further use.

In the first place, once 1t is recognized that more than
cne type of stall exists and that the mechanisms are in part
different for these different types of stall, it is clear
that the proper medicine can be more readily prescribed for
the proper disease, For example, the results cited above show
that increased turbulence in the entering stream increases
the angle at which fully-developed stall occurs markedly,
but tends to decrease the angle at which small transitory
stalls first occur. This 1s entirely reascnable in terms
of the mechanisms of transitory stall and the breakdown of
transitory to fully-developed stall discussed above. How-
ever, it 1s equally clear that increased fluctuations in the
entering stream may be either helpful or detrimental, and
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this decision cannot be made unless the nature of flow
regime 1is known,

Another point, and this is perhaps a more important one,
is the fact that in the fully-developed stall regions the

control of the backflow rate by control of downstream geometry

is of great importance. A discussion of this point has al=-
ready been given in the sections on fully-developed stalls.
However, it is worth noting explicitly that the means sug-
gested for control of shedding, and/or recovery in that flow-
regime are not derivable from the older concepts based on
boundary layer theory alone. In order to reach the conclu=-
sions derived in that section it is necessary to recognize
the fact that under some circumstances decreasing the backe
flow rate of stalled fluid mey be far easier to accomplish
and equally as effective as increasing the rate at which
stalled fluid is removed; it is the ratio of the two rates
that is critical in determination of the flow regime. It is
also necessary to recognize that the interaction between the
free stream and the boundary layer is of great importance
particularly in the fully-developed stall and wake flows
where 1t apparently determines the stability of the entire
flow pattern.

Another idea that is probably explicable in terms of
the concept of the ratio of forward flow by entrainment to
backflow of stalled fluid 1s the concept that has been called
"pressure filling® in some of the literature. This is a con-
cept that has never been clear, at least to the author. Some
comments on this type of action can be made in terms of the
mechanisms of stall discussed above, Suppose that a passage
is such that it would have a fully-developed stall if it had
an open end as shown in figure 20a. Compare this geometry
with that shown in figure 20b in which the end of the dif-
fusing passage is filled with a partial cobstruction such as
a tube sheet of a heat exchanger. Let us then assume that a
fully-developed stall existed in the configuration of figure
19b as indicated by the dotted lines. Such a configuration
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would cause a relatively large pressure drop between points

a and b of figure 20b. Since the tubes require at least
nearly straight streamlines in the plahe of points b and ¢,
the pressure at point ¢ would be approximately the same as
the pressure at point b, Thus the pressure at point ¢ would
be considerably less than the pressure at point 4. As a re-
sult, there will be a flow from the region around point ¢
toward the region near point c. This flow 1s in distinct con-
trast to the backflow that would occur from downstream toward
point 4 in the absence of the tube sheet as shown in figure
20a. In other words the tubes at the lower end of the sheet
act very much the same way as the bleed from the stalled re-
gion suggested in connection with the control of stall in
corners. The net effect of the tube sheet 1s thus to reduce
the backflow Wy strongly as compared to a similar situation
in figure 20a, and hence it is not surprising that frequently
the fully-developed stall is entirely eliminated.

Two additional comments on this action are pertinent.

In the first place, if the mechanisms described in the results
above are applicable in figure 20b, then it 1s to be expected
that transitory stalls will usually occur in the wall layers
of the passage even though no fully-developed stall is present.
If this is so then the effect of the tube sheet is similar te
that of vanes in that it changes the stabllity pattern of the
overall flow configuration. However, it does so by reducing
the value of Wy while the vanes apparently act by preventing
a reduction in We locally.

In the second place this discussion agaln emphasizes the
importance of downstream geometry in situations which do or
might have a fully-developed stall. It also emphasizes the
fact that it is necessary to consider the stability of the
overall flow pattern in rationalizing the behavior of viscous
flow patterns that might involve large areas of stall. This
consideration does not replace the classical concepts of the
effect of the pressure distribution of the symmetrlc potential
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flow on the boundary layer but is supplementary to it. The
reasoning is very analogous to that employed to justify the
Kutta condition in subsonic airfoil theory. In that case,
of the possible potential flow solutions the particular one
that satisfies the Kutta condition is selected because it can
be shown that it is the only one that results in a stable
flow pattern in the region of the trailing edge when the
effects of viscosity are taken into account. The actual
observations, of course, verify this physical reasoning and
are the firm basis for the acknowledged correctness of the
criterion. However, the opservations do not explain the
phenomenon; they only verify it. The explanation lies in
consideration of the stability of the gross flow pattern.
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CONCLUSIONS

Visualization studies of adverse pressure gradient flows
show that a regime of flow called transitory stall exists.
This regime consists of a flow that 1s apparently un-
separated but in which "spots of stall" appear and dis-
appear randomly near the wall. This regime is not con-
fined to a narrow range of flow econditions but instead

is found in a wide varlety of situations with the amount,
size and duration of the stalls depending on the flow
conditions.

Transitory stall appears to be the usual form of stall
inception. That 1s, unless the flow is unusually uni-
form and free from disturbances or the stall is brought
about by a sharp corner, stall appears to begin in a
transient, three-dimensional manner as small transitory
spots. This applies to both airfoils and diffusing pas-
Sages.

The value of adverse pressure gradient and area ratio

at which spots of stall are first found in a diffuser
depends strongly on the amount of disturbance in the

free stream. Larger disturbances cause small spots

of stall to occur in the wall layers at lower values

of adverse pressure gradient, and also increase the
number of small stalls occurring for otherwise equal con-
ditions. With very large disturbances in the free stream,
small spots of stall can occur at very low values of
adverse pressure gradient,

It is useful to distinguish four types of stall as fol-
lows:

Let: wy backflow rate of stalled fluid over given

section of wall

Wy T steady rate at which stalled fluild can
possibly be removed over the same wall

section

. 4
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Then: wy/w, <<1 Small transitory stall

Large transitory stall
Wb/ee o~z 1

wp/W, =1 Steady fully-developed stall

wy/ Wy >1 Unsteady fully-developed stall
(shedding wake)

In this classification, a fully-developed stall is one 1n
which a backflow exlsts over an appreciable section of
wall 100% of the timey a transitory stall is one in
which a backflow exists over a given wall section only
part of the time.

The flow behavior in the four types of stall listed is

not entirely the same, and it is necessary to recognize
the type of behavior occurring in order to rationalize
behavior adequately. In particular, in the regimes of
fully-developed stall it is apparently necessary to con-
sider not only the value of wy/W, but also the effects

of the interaction between the mainstream and the boundary
layer and the stability of the entire flow pattern.

The regime of small transitory stall 1s characterized by
small isolated spots of stall that occur in the wall layers.
These stall spots move upstream a short distance, then
leave the wall and are washed back downstream by the momen-
tun forces of the malnstream. The existence of these small
spots of stall even in relatively mild adverse pressure
gradient flows explains the flow pmlsations and excess
losses so frequently found in diffusing passages. The
spots of stall can be viewed as a means of providing the
energy needed for the wall layers to move through the dif-
fuser. The force analysis and the energy analysls bothk
show that suchk energy 1s required in most cases. The

force analysis indicates that spots of stall should be
particularly prevalent just downstream from a point of
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minimum pressure, and this has been found to be true.
The energy analysis provides the minimum work that must
be done in order to move a low energy particle through

a diffuser. Since this work is in general done by 1lr-
reversible shear forces, a means for roughly estimating
losses, 1n addition to wall losses, can probably be
obtained.

The regime of large transitory stall is a continuation
of the regime of small transitory stall, and the distinc-
tion 1is one of convenience rather than kind. That is,
as divergence angle (adverse pressure gradient) is in-
creased, with inlet conditions and ratio of wall length
to throat width held constant in a diffusing passage,
the number and size of the spots of stall found in-
crease. As this process is continued, the spots of
stall finally reach a condition where they begin to
interact and where they extend through the boundary
layer into the main flow. Such a condition is called the
regime of large transitory stall.

The regime of large transitory stall appears to break
down into fully-developed stall by an unstable growth of
a fixed spot of stall. The action is slow rather than
fasty over a period of minutes, the entire flow pattern
shifts from one of randomly occurring spots of stall to
a fixed, fully-developed stall on one wall and apparent-
ly unstalled flow on the other.

In a diffuser followed by a plenum chamber, unsteady
fully-developed stalls do not seem to occur. This

is, apparently because the flow configuration is such
that the fully-developed stall configuration is stable
in the sense that the adjustment in wb/we ratio brought
on by changes in pressure forces is of a restoring
nature, That is, a stable steady flow configuration
always exists.

Conclusions 6, 7 and 8 above 1llustrate the nature of
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the additional cOnsiderations beyond conventional
boundary layer theory that must be introduced in order
to rationalize the behavior of all types of stalls.
Conclusions 1 and 2 also indicate that two-dimensional
boundary Iayer theory by itself will probably not be
sufficient to predict stall inception in at least many
situations. ‘ .
Conclusions 7 and 8 also show that the action of stall
in passage flow is in some ways different from that
found in external flow. Because of the introduction of
stability considerations it is found that the presence
of another wall cgm have an appreciable effect beyond
that predicted from customary potential theory and
boundary layer analysis, particularly for very high
angles of divergence.

The basic action of vanes in diffusers apparently 1is
related to conclusion 10; that is, the action of vanes
of the type reported by Cochran and Kline (ref. 2) is
not to alter the pressure distribution, but instead de-
pends on a stabilizing effect under transient flow
conditions. In particular, the vanes prevent the un-
stable breakdown from transitory to fully-developed -
stall mentioned in conclusion 7., This hés been verified
by showing that transitory stalls do occur in the wall
layers both on the vanes and the side walls in vaned
diffusers even when the overall performance is excep-
tionally high.

Under some circumstances, control of stalls can be
achieved more readily by reduction of Wy than by in-
crease in wgo The important factor is the ratio. Ex-
plicit recognition of this ceriteria should be of con-
siderable assistance in many design situations.

It is believed that the above conclusions should be of

some assistance in the understandimng and control of stall.
The concepts developed are in agreement with the conclusions
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reached independently by Chapman, Kuehn and Larson (ref. 12)
for the particular case of truly steady, fully-developed
stall. The flow model found for transitory stall checks
that found independently for other large Reynolds and Mach
numbers by Scherrer and Lundell. The concepts and flow
models developed also appear to give good qualitative
rationalization of a wide variety of known but previously
inexplicable phenomena. Despite these checks, considerable
further work is needed both empirically and theoretically
before final decisions can be reached on the ultimate use=-
fulness and range of wvalidity of the conclusions set forth
above,
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Note: W; and 26 are independently variable.
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L depends on 26.(very slightly)
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(b) With 26 set at 45%
FIG, 1l-- Geometry of Diffusers and Entrance Sections.
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FIG. 2a==Zones of Diffuser Flow in terms of Governing
Parameters for Fixed Mean Inlet Velocity Profile
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Large "Spots of stall"
appear and disappear
in various locations
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a. Apparently well b. Large transitory stali
behaved flow, (time dependent 3-
dimensional tlow).
(Under line a=-a) (Between a=-a and b-b)
Fig. 2a Fig. 2a

Nearly steady

recirculating(iiii;:::><//////
 »
e
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c. Steady 2-dimensional d. Jet flow
stall.
(Between b-b and t=c) (Above d-d)
Fig. 2a Fig. 2a

FIG, 2b--Schematic diagrams of the regimes of diffuser flow,
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(apparently)
| \
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T YN

T /\/\
I A 1

Unsteady faintly Very unsteady
audible pulsations strong pulsation
Not violent o f ~3=4 cps °
20 = 16,8 20 = _21.0
——
) T T| |No separation
Occasional
TIF disturbances
Quite unsteady Fairly steadg
intense and violent 20 28.0
stall o
20 = 2hko,5"

Each pair of squares represents the diverging walls as seen
looking out from inside the diffuser. = intermittent
transitory stally T = transitory stall; TIF = transitory
stall with intermlttent fixed stall; FIT = fixed stall with
intermitteng transitery stally F = stable fixed stall.
Ry = 2.4x10 L/W=8,0, Wy= 3.00
w
FIG. 3=-=Sketches of Flow Patterns (See next page for higher
values of 26)-
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Quite steadg
29
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— /”“"‘Q_"\‘_
No separation No separation
F Very minor Very minor
\\__ﬁ_ﬂ//"/// disturbances F disturbances
— FIT
Stead Very steady flow
20 = 3&2" 20 = 42, o8

Each pair of squares represents the diverging walls as

seen looking out from inside the diffusers.
mittent transitory stall; T =

transitory stall; TIF =

I = inter-

transitory stall with intermittent fixed stalls FIT =

fixed stall with intermittent tra%sit?ry stall; F
L/W == 8.0, Wy

stable fixed

stall. Rg
w

= 2,4x10

FIG, 3 cont.=-Sketches of Flow Patterns
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FIG. 4a--Correlation of flow patterns with regimes of diffuser
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Quite steady
35,0 essentially complete Mostly fixed
o 2@9
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28.0 nearly 2-D some transitory
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one wall, Separation
51.0 zones on other wall
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Captions for Fig. Wa U4b
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Control surface for force analysis of wall layers
just downstream from point of minimum pressure

Fig. 5
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Fig. 6

Distribution of shear forces
near wall just downstream
from a point of minimum
pressure.

Fig. 7
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FIG., 8--Dye Injection Apparatus
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layer; Ry of order of 2 x 107
X
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Small transitory stall at approximately 12° total divergence
angle with very high free stream distugbanceso Turbulent
boundary layer; R, of order of 2 x 107,

X

FIG. 10
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Isolated spots; drag forces
act on all surfaces as shown
in fig. 1l2c

©7

™

wall

lad

Stalls begin to coalesce in
corneryarea for shear by

main stream

reduced
12e

4%

¢ FIG. 12(cont'd).--Qualitative nature of forces on spots of
stall.
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shear due
to main stream
acts only along
2-dimensional
, ' slipstream
pressure at nose
of stall given by curvature
of streamlines from Euler's
Equation as:

n n

2
- d _ BY
Php = Pg = f&%dn— f R 98
s s ...

Hence average pressure near point n, Ppo is less than
stagnation pressure of mainflow.

12f

FIG. 12 cont.-=Qualitative Nature of Forces on Spots of
stall.
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Fig. 13a

Final dividing streamline
with blocking vane

blocking vane

Original dividing streamline
without blocking vane

Fig. 13b--Effect on flow pattern of impeding backflow of
stalled fluid in fully-developed stall.
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Since equation of motion normal to
streamline is:

Pressures increases ocutward from center of
curvature of streamlines and py > Py,

FIG. 14--Unstable action of jet in confined channel.
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FIG. 15--Expertment stabilizing jet flow by
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L/W, =8

26=30°

FIG. 1l7a--Typical short vane installation of type tested
by Cochran and Kline.
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transient
backflow

1. Py > Py due to Euler's N equation.

2. p,>Pq from known pressure distribution on
stalled flat plate.

The tendency is to cause restoring flow because
flow will go from ¢ toward 4. Without the vanes,
such an effect would not occur.

FI1G. 17b==I1lmstration of stabilizing action of vanes.
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centrifugal
impeller

main floﬁw

—~ Beveled trailing edge of blade increases inter-
action between Wy and outflow from adjacent
passage.

FIG, 19--Possible explanation of compressor blade underfiling.
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FURTHER COMMEND AND ERRATA {0ON 3REPORT MD--} ENTITLED “SOME NSW MEHMANISG
AND CONCEFTIONS OF STALL INCLUDING THE BEHAVIOR OF VANED AND iNVAHED
DI FFUSES® 15 MARCH 1957, STANFORD UNIVERSITY ).

Several readers of this veport, which was prapaved a8 s report of
progress and for comment, have pointed out deficlencies in the discussion
givan, Singe thesa deficiencies do not affect the utility of the basis
concapts developed, the following comments sre added to minimice possibic
misceneeptions until such a tims a8 the entire report can be rewritien.

ERRATA s

i~ Page 51, Equation (10) is missing a parsnthesis, It should resad:

w, X
C S Y S
|2 ﬁg':'h

2. Pags 76, last line, Referencs should be to figurs 20a instead of :9a
and the moris 38 indicated by the dotved lines® should be deleted.

3, Page 112, Refsrence in title of figure 20b should be to figure 2(a,
Also the puatticn of the letter "d® should be interchanged with "a®
and "b* should be interchanged with "¢,

Lo Page 77, Zin& 7. The last lettor should bs "d™ instead of "e",

5, In all of the discussions of the {low patterns cbserved, particulariy
in regard te¢ fully=dewveloped stall; it should be borne in mind that
ne stalled flow is completely steady; some fluctuations always sccur,
The descriptions given atiempt to incorporates the majer patterns to
develop adequate approximate flow models. but fluetuations tha® ap--
pesred to be second order; compared tc the main patterns of flow, havs
moen omitted from the present discusasions for the mcest part. This is
deemed appropriate, but should have been ststed more axplicitly,

6. In the dafinitions of w, and w, it is of utmost importancs to nots
that wy, is the ACTUAL backflew rate existing, but wg, on the cther
hand, is dafined in terms of the steady capability of ths stream to
remove backfiow under the conditions existing at the time in questiong
this may or may not be the sctual rate of removal at any given instant.,
This is in agreement with the definitions given,; but apparently they
ara not axplizit enough since some rasders have not comprehendasd tLhe
distinctic: and have thereby tfound it difficult te wnderstami viptually
evaerything that follows,

The above comments are due primarily to Dro D Lo Cechranm tc
whom the authcr wishes to express his appreciaticn, The fellewming
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two errors were noted by Dr. R. C, Dean, Jr, to whom the autlor ia
much indebted for several helpful discussions as well as the fol~
lowing comment#, Dr. Dean is alsy primarily responsible for the
discussion on the centrifugal impeller although an acknowledgement
on this point was omitted in the draft due to an oversight.

Ths discussion of the forces at a point of minimum pressure is not
conclusive, The conclusion reached is verified bty observation, but

a possible solution of;the equations involving upstream acceleration
of the wall layers in a two-dimensional fashion has been overlooked,
In the final report other data will be substituted for this particular
argument

The rationalization of the known behavior of the free jet between
channel walls is probably wrong, The facts are correct, since they
are based on observation, but the explanation is not adequate since
similar reasoning looking downstream yields the opposite conclusion,
As Dr, Dean has pointed out, the effect is probably simply asscciated
with the width of the effective jet pump formed by the slipstream of
the separated flow, This point needs further consideration.

So J o Kline
6/24/57
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